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ABSTRACT
The purpose of the woik was to investigate the thermal strati fica-
tion in solar storage containers. Three domestic thermally stratified
hot water storage containers were designed with the main object of
improving and stabilizing thermal stratification of the stored water
as a means of improving the overall efficiency of solar water heating
systems. Testing of the three storage containers was carried out under
similar conditions and the results showed that TYPEI storage container
behaves as a three-segment stratified system, TYPEII storage container
behaves as a two-segment stratified system with a thermocline occupying
approximately half of the height of the storage container, and TYPEIII
storage container behaves as a two-segment stratified system with a
thermocline occupying two thirds of the height of the storage container.
It was found that TYPEI storage container, with a LID equal to 3/1,
gave the best results in terms of heat collected, and also had the
maximumstratification which is the main gpal of this study.
The effect of each of three flow rates (0.01 kg/Sm2, 0.015 kg/sm2,
0.02 kg/sm2) on stratification was studied and it was found that the
flow rate of 0.01 kg/Sm2of collector area gave the better result.
A low-cost simulator for studying the performance of solar energy
storage containers was designed. The design was based on a relatively
inexpensive micro-computer linking into a mains power regulator with an
8-bit digital control system. Meteorological data was used to compute
radiation income on any inclined plane and the output to the power
regulator is controlled by the computed instantaneJus rate of energy
gain from the collector system undergoing simulation.
A comparison has been made between some of the experimental and
theoretical results for mE I storage container. The theoretical
prediction was based on two mathematical IOOdels of Duffie and
2 44Beckman , and Close • A computer system model has been developed
to assist in the design of a solar water heating system.
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15 Decembers mean monthly hourly ram ation
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INTRODUCTION
In general it is clear that thermal stratification may produce
an improvement in the overall performance of solar water and space
heating systems. Other secondary benefits, such as a smaller system
size may be realized in solar heating systems where the stratification
of the storage fluid is maintained. While these benefits may serve
to increase the efficiency and cost effectiveness of solar water
and space heating systems, there is little design information
available which can answer questions such asz
How can stratification be achieved and maintained?
What are the factors which effect stratification in the solar
storage container?
What is the most suitable design for a solar heat store, which
will also improve thermal stratification?
How does the fluid input and output of the storage container
effect stratification?
The main aim of this thesis was to investigate under controlled
laboratory conditions thermal stratification in solar storage contain-
ers, on a scale which has hitherto not been attempted, to begin to
answer these questions as a basis for improving the overall efficiency
of solar water heating systems. In particular this thesis has concen-
trated on water heating systems of domestic scale, e.g. for a family
2of four, and a collector area of 5 m has been assumed.
1
In sununary the main objecti ves of the investi gation were:
1. To design a solar energy simulator to model the solar collection
profile of any solar water heating system at any lati tude, orien-
tation, tilt and time of year.
2. To study the formation and stability of vertical temperature
gradients in storage containers as a basis for improving the
overall efficiency of a solar water heating system.
3. To provide information about those factors which affect stratifi-
cation and make reconunendations for optimising the design of
storage containers.
4. To develop a computer system model for the solar water heating
systems undergoing investigation.
The thesi sis di vi ded into nine chapters I each deali ng 'Wi. th a
particular aspect of the work.
Chapter I, a state-of-the-art review of thermal stratification
literature.
Chapter 2: describes the Characteristics of solar radiation
and meteorological data is used to compute radiation income on the
tilted collector surface.
Chapter 3s describes the flat-plate solar collector and its
mathematical treatment. A computer model is developed and used to
compute the instantaneous rate of energy gain from the collector
system undergoing simulation.
2
Chapter 4: describes the design of a suitable simulator for
this study, which is intended to be representative of the long term
energy delivery averaged over most cloud conditions and incident
angles. This chapter also describes the experimental equipment.
Chapter 5: considers the problem of thermal energy storage. The
problem is divi. ded into three parts I
(i) The choice of storage medium
(ii) The determination of the storage capacity
(iii) The storage container design.
Chapter 6: describes the main body of the experimental work
and presents the results in a variety of ways.
Chapter 71 describes the computer model of a stratified stor-
age container based on two mathematical models of (1) Duffie and
Beckman2, and (ii) Close44, A comparison is made between some of
the experimental and theoretical results,
Chapter 8: describes the computer system model for the solar
water heating system undergoing investigation,
Chapter 9: gives the conclusions and suggestions for future
work.
3
CHAPTER 1. 'mERMAL STRATIFICATION. STATE~F-THE-ART REVIEW
The advantages of stratification have been illustrated by
Brumlevel in the form of calculations comparing stratified and
mixed storage under conditions of fixed return temperatures from
the load and from the collector. Addi tionally a quanti tati ve com-
pari son was reported by Duffie and Beckman2 who simulated the opera-
tion of a solar water heating system over a one week period. They
found a 6% increase in the fraction of the total load served by
solar energy when a three-segment stratified storage tank was sub-
sti tuted for a mixed tank.
Sharp and LOCkrke3, have simulated the operation of solar
water heating, space heating and air conditioning systems. The
performance of comparable systems with mixed and stratified storage
was determined in te~s of the fraction of the total load supplied
by solar energy. Their results show that significant improvements
in system performance (5-15%) may be realized if stratification can
be maintained in the storage tank, and the magnitude of improvement
is greatest, and the sensitivity to design variables smallest, in
hot water services applications.
Davis and Bartera4 experimentally studied the effects of tempera-
ture stratification in a water storage tank used in a hot water system
for an apartment complex. They presented data which illustrated the
perfo rmance of solar water heating systems for two types of fluid
input and output configurations. In one case a thermocline was formed
having a width which was 20 to 30 percent of the height of the tank.
4
With the second configuration, no thermocline was fonned, thus
illustrating the sensitivity of the system to the fluid removal
and input configuration.
BrinkworthS has pointed out that one of the most interesting
current problems in liquid storage is how to produce and sustain
thennal gradients so as to minimize the change of entropy and
maintain the thermodynamic availability of the energy stored.
Where the input comes from solar collectors; the existence of
temperature gradients also allows the collectors to be fed with
fluid having a temperature lower than the mean temperature of the
store, with some further benefit to the efficiency of collection.
Sheridan et al6 have solved simple cases of stratified storage
tanks using an analogue computer, while Gutierrez et aI' have
produced solutions to a number of cases involving water heating,
on a hybrid computer. The differences in predicted system per-
fonnance using an unstratified model as compared to a stratified
model may be significant, depending on the nature of the application.
These differences are most pronounced when a two- or three-se€Plent
tank is substituted for a one-section tank.
LDehrke, Gari, Sharp and Haberstroh8 have studied two possible
approaches to the design of an inlet distributor as a passi ve tech-
nique for enhancing thennal strati fication in liquid storage tanks.
One employs a fixed, vertical, porous mani fold; the other approach
employs a lightweight, flexible hose with one end attached to the
inlet and the other end is free to move vertically within the tank
in response to the buoyance force. They pointed out that the latter
5
metood had the advantage of preventing mixing between fluids of
unlike temperature, while the fonner is potentially more reliable
since it is fixed and self-purging of entrapped air. Model testa
soow that even a small amountof entrapped air seriously degrades
the perfomance of a flexible-hose distributor. Thus their atten-
tion was concentrated on the rigid, porous manifold.
9Sharp and Loehrke carried out simulation studlss tD compare
the predicted performance of a system using stratified storage with
that of the same system using well-mixed storage in a solar space
heating application. They pointed out that the benefit due to
stratification, as measured by the increase in the fractton of the
total heating load supplied by solar energy, ranged from about 5
to 15 percent.
10VanKoppen, Fischer and Dijkmans concluded that the systematic
use of themal stratification generally leads to an increase in the
heat gain of solar heating installations of the order of 15%. More-
over the dimensions of several componentsof the installation can
be substantially reduced.
11Lavan and TOOmpson have carried out studies on small-scale
model strati fied bot water storage containers, and their results
showed that stratification can be maintained in cylindrical water
storage containers, and the effect of length to diameter ratio (LID)
of storage containers is a trade-off between perfonnance and cost.
An LID between 3 and 4 was suggested to be a reasonable compromise.
Additiona11y they concluded that stratification improves with increas-
ing length to diameter ratio, inlet and outlet port diameter. and it
6
decreases with increasing flow rates.
Mrs Carter12 showed that thermal stratification could be main-
tained in large storage containers. She recommended that the
proportion of storage container volume to collector area no longer
had to be limited to 40 litre/m2 of collecting area, which is the
d d13 .. . 11 d Irecommen e ratl.O i n conventao na y constructe so ar water
heating systems, but that a large storage volum~ to cover at least
2 or 3 days, is justifiable (e.g. > 200 litre/m2). She justifies her
claim in three ways:
(1) in exceptionally hot weather there will be room for an
exceptionally large voIume of hot water.
(ii) in mediocre weather a reserve of warm water can be built
up so that when the sun does come out hot water can be
obtained fairly quickly.
(iii) Cold water can be kept in the very bottom of the storage
container so that in bad weather it stands the best
chances of collecting some heat.
14Lin and Sha have developed a computer model COMMIX-SA (~-
nent MIXing-SOlar ~?lications) to investigate the effects of baffles
on thennal stratification in thennocline storage containers. Their
results showed that a tall and slender storage container with verti-
cal concentric cylindrical baffles and a ring distributor gave dis-
charge and charge efficiencies in excess of 90%.
Hamaker, Hoekstra, Van Koppen and Van WoldelS have designed a
short-tenn storage vessel at the Eindhoven Uni versi ty of Techrology.
7
The main feature of the vessel is a floating inlet (a flexible thin
walled plastic hose) which automatically discharges the water from
the collector at the correct level in the storage container. The
floating inlet makes 5% more energy available to the whole solar
heating system. There is also a possibility of reducing the dimen-
sions and costs of some parts of the solar heating system.
16Van Koppen, Simon Thomas and Veltkamp have concluded that a
more widespread utilisation of thermally stratified storage in com-
bination with much lower collector flow rates than usual will lead
to considerable improvements in the performance of solar space heat-
ing and hot water supply systems.
Lin, Sha and Michaelsl7 pointed out that thermal stratification
improves storage efficiency as well as collector efficiency, and the
efficiency of one component may effect that of another and hence the
overall system efficiency may be a complicated function of all the
component efficiencies. The authors claim that thermal stratification
in a storage uni t leads to an improvement of the overall system per-
formance for tloIO primary reasenss
(1) it improved the storage discharge efficiency
(ii) it improved the storage charge efficiency, and hence the
collector efficiency.
Han and wulS carried out a numerical simulation of a solar hot
water application for an apartment by using the general transient
system simulation program, TRNSYS with a mixed and a stratified water
storage tank model. Their simulation results show that solar energy
8
collection efficiency can be increased up to 6% by using a stratified
model, compared with that of a mixed model and the difference of the
total solar energy collected between a mixed and a stratified model
depends strongly on temperature stratification regardless of the
system parameters.
Loehrke, Holzer, Gari and Sharpl9 carried out a series of experi-
ments to compare the performance of inlets of different design to
cylindrical steel tank with vertical axis. The tank was 2.27 m3
(600 gal), 1.16 m (45.6 in) diameter and well-insulated. They stud-
ied the effect of each of three different inlet configurations
(vertical jet, nozzle matrix and distribution manifold) on strati-
fication. Their results show that when the flow is introduced through
a vertical jet little stratification is obtained, while better strati-
fication is obtained with the nozzle matrix. Overall the best strati-
fication, with more uniform distribution, was obtained from the
distribution manifold.
Much of this work is of interest and has a direct bearing on
the direction of this thesis. In particular the author has noted
the range of "efficiencies" claimed in association wi th the benefi ts
from stratification; a swnmary of the more important findings has
been given in Table 1.
9
TABLE 1. The range of "efficiencies" claimed in association with
the benefits from stratification
AUTHOR(S) PREDICTED IMPROVEMENT
IN SYSTEM PERFORMANCE
Duffie and BeCkman2 64
Sharp and Lockrke) 5-154
IB 6%Han and Wu
Van Koppen, Fisher and 154Dijkmans10
10
CHAPTER 2. THE CHARACTERISTICS 0 F g)LAR RADIATION AND THE ampUTATION
OF HOURLY RADIATION ON A TILTED &JRFACE
2.1 Introduction
Before any attempt can be made to predict quantitatively
the performance of a flat-plate solar energy collector the
intensi ty of solar radiation incident on the surface of the
collector must be krown.
Although there are meteoro logical stations where solar
radiation is regularly measured, these measurements are pri-
mari ly limi ted to total radiation (direct plus di ffuse) on a
horizontal surface only. As the efficient operation of a solar
collector generally requires orientation of the collector to a
posi tion other than horizontal, the horizontal incidence data
of these meteorological stations must be converted to its
equi valent on a tilted surface. Heteorological data was used
to compute radiation income on a tilted plane (the collector
surface).
2.2 Solar Radiation in the U.K.
Brinkworth20 has pointed out that although the British
climate is renowned for its lack of sunshine, it is interesting
to note that the U.K. receives more than half the solar energy
available in Australia or two thirds of that in the United States.
However solar radiation in the U.K. is characterized bya
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(1) More than 50 percent of diffuse radiation.
(ii) A large summerto wi nter variation (611).
The performance of all solar energy systems is dependent
upon the weather. The weather may be interpreted as the time-
dependent forcing functions exerted upon solar energy systems.
These forcing functions are unique in that they are ne1ther
completely randomnor deterministic, they are best described
as irregular function; of time, both on a small (e. g. hourly
or daily) and large (e.g. seasonally or yearly) time scale.
It is thi s irregular behaviour of the forcing functions
(i.e. the weather) which complicates the analyses of solar
energy systems. However, the work carried out at Sheffield
21Un!versi ty by Professor Page has concentrated on providing
reliable solar radiation data for the purpose of predicting
accurately the solar inputs. Similar work has been carried
22out by Munroe , who has made a comparison between observed
and estimated daily values for solar radiation on a horizontal
surface from U.K. average meteorologLcal data. His results
showed that the computed values for daily radiation on a
horizontal surface agree well with observed values for March
and June, but the error is larger for September and December.
page23 and Heywooi4 have pointed out that the importance
of the diffuse radiation to design should never be underrated,
especially in cloudy climates and especially at hi gher latitudes
such as U.K. this diffuse radiation is by no means negli gible
in magnitude, and whilst on a clear bright day it mayonly
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aJIIDunto 10 per cent of the total radiation on a horizontal
surface, on partially cloudy days it mayaJII)untto more than
50 per cent. On completely cloudy days however'it comprises
the total radiation.
Another point which complicates the analysis of any solar
energy system is that the nonlinear dependenceof system per-
formance upon climatic conditions increases the difficulty of
determining the effect that design variables have upon system
perfot1llance.
2.3 Influence of surface orientation on the incident energy
An inclined surface will receive solar energy from three
pointsl- (a) directly from the sun, (b) indirectly from the
sky as diffuse radiation and (c) as reflected radiation from
the gmund. The tilt angle selection influences the performance
of the solar system, furthermore the radiative and convection
losses will also be affected by the choice of the tilt angle,
as will be the reflected heat gain.
Ideally the collector should always be normal to the direct
sunlight but the flat-plate collector is, by definition, fixed, and
the best compromiseposi tion has to be decided upon. The tilt
angle must itself be a compromisebecause winter performance is
improved if it is large and the collector is incltned near the
vertical. In summera nearly horizontal collector is preferable.
Important in the design of the system is the optimisation of tilt
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to get high efficiency and good overall economy. One of the diffi-
culties in such studies is the lack of a detailed description of
the solar radiation climate on the slopes in question. Direct,
diffuse and reflected energy have all to be considered in such
optimisation processes. There is little data on solar radiation
on inclined surfaces, as the meteorological netlo'Orksgenerally
25measure only radiation on a horizontal surface. Svendsen
has pointed out that a programmehas been carried out for
continuous measurement of the inclined surface irradiance at
University College, Cardiff. This programmeis in progress
and will provide the basis for a considerable range of studies
applicable to the utilization of solar energy.
The optimization of til t angle has been di scussed in
detail by page23, and has pointed out that muchattention
should be given to optimisation of til t angle. However, the
optimumslope depends on the period of the year over which
the optimization is to be made, as well as on the precise
use to which the energy is put. Figure 1 is presented by
reference 26 and indicates the meanmonthly daily values of
total irradiation on slopes of 4~, 600 and 900 at Kew,
comparedwi th horizontal surface, estimated from horizontal
surface data 1957-1971. It can be seen from figure 1 that
the 4~ tilt appears to offer the best collection possibil-
ity all year round. A s.m1lar study has been carried out by
Courtney27, and has confinned that an angle of about 500 to
the horizontal resul ts in the largest interception of direct






Mean monthly daily values of total irradiation on slopes of
450, 600 and 900 at Kew compared with horizontal surface,
estimated from horizontal surface data 1957-1971.
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2.4 Hourly radiation data on a horizontal surface
The hourly radiation data on a horizontal surface at
Leicester was needed for the computation of hourly radiation
on a 45 degree plane. Unfortunately, there was no meteorolo-
gical station at Leicester. MCVeigh28has pointed out that
the averaged radiation data from any meteorological station
within 150 km will be perfectly adequate in the U.K., there-
fore it was decided to look for the nearest meteorological
station to Leicester. I t was found that the nearest one to
Leicester is Brackne11, and the nearest place to Leicester
which the radiation statistics were recorded is Cambridge,
therefore the averaged radiation data from Cambridge was
used for Leicester, also Cambridge is located at almost the
same latitude as Leicester.
On that basis an average of ten years (1962-1971) hourly
radiation data on a horizontal surface was specially purchased
for this investigation.
29Certain previous studies, e.g. Buchberg and Boulet ,
Lof and Tybout30 have used no more than one year of radiation
data. However, the adequacy of using a single year of data to
provide an estimate of long-term system performance has not
been justified in their studies. Therefore it was decided to
incorporate weather data representative of long-term behaviour,
ten years (1962-1971) hourly radiation of data were used to
provide an estimate of long-term system performance. Since
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solar radiation data are generally presented by meteorological
stations on an hourly basis, therefore the total radiation
recei ved during a gi, ven hour instead of the radiation intensi ty
at an instant was converted as shown in section 2.5.
2.5 Estimation and computation of hourly radiation on a tilted
surface
The collector model described in chapter 3 requi res a
knowledge of RT, the rate of radiation incident on the tilted
collector surface per unit area. Unfortunately, measurements
of RT are generally unavailable and as a result, Rr must be
estimated from measurements of the hourly radiation inci dent
on a horizontal surface.
Rr can be estimated from measurements of radiation on a
horizontal surface by separately treating the beam, diffuse
and reflected components of the radiation as shown by Duffie
and Beckman2• For beam components this can be oo ne as follows I
Rn
Rt R Cos at Cos atb nR =- = =b Rh R Cos ah Cos ahb n
Rt Rh Cos at (2.1). • =b b Cos ah
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Where,
Rt = the ratio of radiation on the tilted surfaceb
Rh = the ratio of radiation on the horizontal surfaceb
R = Radiation normal to the beamn
e-t = the angle of incidence on the tilted plane
e-h = the angle of incidence on the horizontal plane.
For di ffuse component this can be done as follows.
A surface til ted at a slope from the horizontal sees a
portion of the sk.y domegiven by 1 + Cos tilt/2.
If it is assumed that diffuse radiation is uniformly dis-
tributed over the sky, an assumption which generally results in
a conservative estimate of the radiation on tilted surfaces,
then Rt
d =
1 + Cos (tilt)
x 2 (2.2)
It is assumed that the reflected radiation is negligible.
Fromequations (2.1) and (2.2) the total radiation on the
tilted surface at any time is
= (2.3)
and
Cos e-t = (Cos (& - S)Cos& Cosw + Sin ('I - S) SinS (2.4)
and
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Co s eh = Co s? Co s 6 Co s W + si n~ si n 6 (2.5)
Where,
at = the angles of incidence on the tilted plane
ah = the angles of i nci dence 0n the horizontal plane
Rt = the beam radiation on the tilted surfaceb
Rh = the beam radiation on the horizontal surfaceb
Rt = the diffuse radiation on the tilted surfaced
Rhd = the di ffuse radiation on the horizontal surface
Tilt = the angle between the collector and the horizontal
plane
~ = lati tude (north posi ti ve)
o = declination (t .e. the angular posi tion of the sun
at solar noon with respect to the plane of the
equaIDr)(north posi ti ve)
(2.6)
where n is the day of the year
S = the angle between the horizontal and the plane
(i.e. the slope) south positive.
uJ = hour angle, solar noon being zero, and each hour
equalling 150 of longi tude wi th morning posi ti ve
and afternoons negative e.g.
w = +15 for 11.00, and
w = -37.5 for 14.30.
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2.6 The computation procedure for the radiation rodel
The computation procedure is shown in figure 2 which
illustrates the flow chart for the radiation model. This
model was used to compute radiation income on a ti1ted
plane (the collector surface) using the meteorological
data described in section 2.4.
2.7 Results
The results of the computation are shown in tables 2-13.
Each table shows the mean monthly hourly radiation (KJ/m2) on
a horizontal surface and on a 45 degree plane, at Leicester
(latitude 52037' N) for each month. It can be seen from these
tables that the sum total of such hourly values over a period
of a day should give radiation on the sloped surface for the
day.
The results of the computation were used to generate a
series of radiation profiles on a 45 degree plane (the collector
surface) as shown in figures 3-14.
A histogram plot of mean rmrrthly daily radiation on & 450
plane at Leicester is shown in figure 15. It can be seen that
the maximum mean monthly daily radiation on 45 degree plane




Beam radiation on a horizontal plane,
Diffuse radiation on a horizontal plane,
lati tude, Tilt, Hour angle,
The day of the year
Calculate declination equation (2.6)
Calculate angle of incidence of beam radia-
tion on a til ted plane (the collector
surface) equation (2.4)
~ Calculate angle of incidence of beam radia-
tion on a horizontal plane equation (2.5)
Calculate beam radiation on a tilted plane
(the collector surface) equation (2.1)
Calculate diffuse radiation on a tilted
plane (the collector surface) equation (2.2)
Calculate total radiation on a tilted
plane (the collector surface) equation (2.3)




Flow chart for the radiation model
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TABLE2. IS January. mean monthly hourly radiation CKJ/m2) on a
horizontal surface and on a 450 plane, 1ati tude 52°37' N
and orientation due south.
Mean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
7 - 8 000 010 010 000.0 008.5 008.5
8 - 9 020 060 080 183.2 051.2 234.4
9 - 10 070 170 240 298.S 145.1 443.6
10 -11 120 260 380 412.2 221.9 634.1
11 - 12 160 310 470 509.2 264.6 773.8
12 - 13 160 310 470 509.2 264.6 773.8
13 - 14 130 260 390 446.5 221.9 668.4
14 - 15 070 170 240 298.5 145.1 443.6
15 - 16 010 070 080 091.6 059.8 151.4
16 - 17 000 010 010 000.0 008.5 008.5
Daily 740 1630 2370 2748.9 1391.2 4140.1Total
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TABLE 3. 15 February: mean monthly hourly radiation (KJ/M2) on a
horizontal surface and on a 45° plane, 1atitude 52°37' N
and orientation due south.
Mean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
7 - 8 010 060 070 078.0 051.2 0129.2
8 - 9 070 190 260 220.2 162.2 0382.4
9 - 10 160 '320 480 411.0 273.1 0684.1
10 -11 240 430 670 568.7 367.0 0935.7
11 - 12 280 490 770 643.1 41B.2 1061.3
12 - 13 270 480 750 620.1 409.7 1029.8
13 - 14 230 410 640 545.1 350.0 0895.1
14 - 15 160 310 470 411.0 264.6 0675.6
15 - 16 070 190 260 220.2 162.2 0382.4
16 - 17 020 060 080 155.9 051.2 0207.1
17 - 1B 000 010 010 000.0 00B.5 0008.5
Daily 1510 2950 4460 3873.3 2517.9 I 6391.2Total
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TABLE 4. 15 March: mean monthly hourly radiation (KJ/m2) on a
hori zontal surface and on a 45° plane, 1atitude 52°37' N
and orientation due south.
Hean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
5 - 6 000 010 0010 000.0 008.5 0008.5
6 - 7 020 060 0080 061.3 051.2 0112.5
7 - 8 100 210 0310 193.0 179.3 0372.3
8 - 9 240 170 0610 433.5 315.8 0749.3
9 - 10 380 510 0890 669.7 435.3 1105.0
10 - 11 470 610 1080 819.0 520.7 1339.7
11 - 12 490 660 1150 849.9 563.4 1413.3
12 - 13 480 650 1130 832.6 554.8 1387.4
13 - 14 440 590 1030 766.7 503.6 1270.3
14 - 15 330 490 0820 581.5 418.2 0999.7
15 - 16 210 370 0580 379.3 315.8 0695.1
16 - 17 110 210 0320 212.2 179.3 0391.5
17 - 18 010 070 0080 030.6 059.8 0090.4
18 - 19 000 010 0010 000.0 008.5 0008.5
Daily 3280 4820 8100 5829.3 4114.2 9943.5Total
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TABLE 5. 15 April: mean monthly hourly radiation (KJ/m2) on a
horizontal surface and on a 450 plane, latitude 52037'N
and orientation due south.
Hean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
4 - 5 000 010 0010 000.0 008.5 0008.5
5 - 6 010 070 0080 000.0 059.8 0059.8
6 - 7 110 220 0330 078.9 187.8 0266.7
7 - 8 260 390 0650 286.6 332.9 0619.5
8 - 9 380 560 0940 474.0 478.0 0952.0
9 - 10 460 700 1160 606.2 597.5 1203.7
10 - 11 510 810 1320 690.4 691.4 1381. 8
11 - 12 540 860 1400 739.5 734.1 1473.6
12 - 13 550 870 1420 753.2 742.6 1495.8
13 - 14 500 820 1320 676.9 699.9 1376.8
14 - 15 410 720 1130 540.3 614.6 1154.9
15 - 16 320 570 0890 399.2 486.5 0885.7
16 - 17 190 390 0580 209.6 332.9 I 0542.5
17 - 18 080 210 0290 057.4 179.3 ! 0236.7
18 - 19 010 070 0080 000.0 059.8 ! 0059.8,
19 - 20 000 010 0010 000.0 008.5 0008.5
Daily 4330 7280 11610 5512.2 6214.1 111726.3Total
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TABLE 6. 15 Hay: mean monthly hourly radiation (KJ/m2) on a
horizontal surface and on a 450 plane, latitude 52037 t N
and orientation due south
r-ieanmonthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
4 - 5 000 0050 0050 000.0 042.7 0042.7
5 - 6 060 0190 0250 000.0 162.2 0162.2
6 - 7 220 0370 0590 109.8 315.8 0425.6
7 - 8 420 0540 0960 354.6 460.9 0015.5
8 - 9 570 0730 1300 577.6 623.1 1200.7
9 - 10 670 0880 1550 740.8 751.1 1491.9
10 -11 750 0960 1710 866.9 819.4 1686.3
11 - 12 780 1030 1810 919.1 879.2 1798.3
12 - 13 780 1020 1800 919.1 870.6 1789.7
13 - 14 690 0970 1660 797.6 828.0 1625.6
14 - 15 600 0870 1470 663.4 742.6 1406.0
15 - 16 470 0710 1180 476.3 606.0 1082.3
16 - 17 340 0570 0910 287.1 486.5 0773.6
17 - 18 180 0380 0560 089.8 324.4 0414.2
18 - 19 070 0190 0260 000.0 162.2 0162.2
19 - 20 010 0050 0060 000.0 042.7 42.7
Daily 6610 9510 16120 6802.1 8117.4 14919.5Total
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TABLE 7. 15 June: mean monthly hourly radiation CKJ/m2) on a
horizontal surface and on a 450 plane, lati tude 52°37' N
and orientation due south
Mean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
3 - 4 000 0010 0010 000.0 008.5 0008.5
4 - 5 030 0090 0120 000.0 076.8 0076.8
5 - 6 130 0250 0380 000.0 213.4 0213.4
I
6 - 7 300 0430 0730 132.7 367.0 0499.7
7 - 8 510 0620 1130 387.3 529.2 0916.5
I 8 - 9 670 0780 1450 621.5 665.8 1287.3
I 9 - 10 810 0920 1730 829.1 785.3 1614.4
I
110 - 11 890 1000 1890 958.5 853.6 1812.1
I 11 - 12 880 1060 1940 969.0 904.8 1873.8
12 - 13 870 1060 1930 958.0 904.8 1862.8
13 - 14 830 0990 1820 893.9 845.0 1738.9
14 - 15 700 0900 1600 716.5 768.2 1484.7
15 - 16 570 0760 1330 528.8 648.7 1177.5
16 - 17 450 0600 1050 341.7 512.1 0853.8
17 - 18 300 0420 0720 132.7 358.5 04~1.2
18 - 19 130 0260 039(j 000.0 221.9 0221.9
19 - 20 020 0100 0120 000.0 085.4 0085.4
20 - 21 000 0010 0010 000.0 008.5 0008.5
Daily 8090 10260 18350 7469.7 8757.5 16227.2Total
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TABLE 8. 15 July: mean monthly hourly radiation (KJ/m2) on a
horizontal surface and on a 450 plane, latitude 52037' N
and orientation due south
Mean monthly Hourly Radiation
Hour Horizontal surface 45 deeree plane
Beam Diffuse Total Beam Diffuse Total
4 - 5 020 0060 0080 000.0 051.2 0051.2
5 - 6 090 0210 0300 000.0 179.3 0179.3
6 - 7 230 0400 0630 106.4 341.4 0447.8
7 - 8 370 0590 0960 292.7 503.6 0796.3
8 - 9 520 0750 1270 499.3 640.2 1139.5
9 - 10 640 0900 1540 675.2 768.2 1443.1 ..
10 -11 670 1020 1690 741.9 870.6 1612.5
11 - 12 670 1060 1730 757.7 904.8 1662.5
12 - 13 680 1070 1750 769.0 913.3 1682.3
13 - 14 630 1020 1650 697.6 870.6 1568.2
14 - 15 580 0900 1480 611.9 768.2 1380.1
15 - 16 480 0750 1230 460.9 640.2 1101.1
16 - 17 350 0580 0930 276.9 495.1 0772.0
17 - 18 230 0400 0630 106.4 341.4 0447.8
18 - 19 090 0230 0320 000.0 196.3 0196.3
19 - 20 020 0070 0090 000.0 059.8 0059.8
Daily 6270 10010 16280 5995.9 8544.2 14540.1Total
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TABLE 9. 15 Augusta mean rronth'ly hourly radiation (KJ/m2) on a
horizontal surface and on a 450 plane, latitude 52037' N
and orientation due south.
Mean IOOnth1yHourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
4 - 5 000 010 0010 000.0 008.5 0008.5
5 - 6 040 100 0140 000.0 085.4 0085.4
6 - 7 150 260 0410 088.6 221.9 0310.5
7 - 8 320 450 0770 308.4 384.1 0692.5
8 - 9 480 620 1100 540.7 529.2 1069.9
9 - 10 620 750 1370 750.4 640.2 1390.6
10 -11 630 850 1480 790.4 725.5 1515.9
11 - 12 630 920 1550 802.7 785.3 1588.0
12 - 13 620 910 1530 789.9 776.7 1566.6
13 - 14 560 860 1420 702.6 734.1 1436.7
14 - 15 450 760 1210 544.6 648.7 1193.3
15 - 16 380 620 1000 428.1 529.2 0957.3
16 - 17 230 460 0690 221.7 392.6 0614.3
17 - 18 110 280 0390 065.0 239.0 0304.0
18 - 19 030 100 0130 000.0 085.4 0085.4
19 - 20 000 010 0010 000.0 008.5 0008.5
Daily 5250 7960 13210 6033.1 6794.3 12827.4Total
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TABLE 10. 15 September: mean monthly hourly radiation <KJ/m2) on a
horizontal surface and on a 450 plane, latitude 52°37' N
and orientation due south.
Mean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
5 - 6 000 020 0020 0000.0 017.1 0017.1
6 - 7 050 130 0180 0061.1 111.0 0172.1
7 - 8 180 310 0490 0263.0 264.6 0527.6
8 - 9 360 460 0820 0547.2 392.6 0939.8
9 - 10 540 610 1150 0834.1 520.7 1354.8
10 -11 610 710 1320 0949.4 606.0 1555.4
11 - 12 650 740 1390 1014.9 631.6 1646.5
12 - 13 640 720 1360 0999.3 614.6 1613.9
13 - 14 560 680 1240 0871.6 580.4 1452.0
14 - 15 460 580 1040 0710.5 495.1 1205.6
15 - 16 320 450 0770 0486.4 384.1 0870.5
16 - 17 160 290 0450 0233.8 247.5 0481.3
17 - 18 040 120 0160 0048.9 102.4 015l.3
18 - 19 000 020 0020 0000.0 017.1 0017.1
Daily 4570 5840 10410 7020.2 4984.8 12005.0Total
30
TABLE 11. 15 October: mean monthly hourly radiation (KJ/m2) on a
horizontal surface and on a 45° plane, latitude 52°37' N
and orientation due south
Nean roonthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
6 - 7 000 020 020 000.0 017.1 0017.1
7 - 8 040 110 150 145.8 093.9 0239.7
8 - 9 140 260 t~OO 345.8 221.9 0567.7
9 - 10 260 390 650 572.0 332.9 0904.9
10 -11 360 500 860 754.0 426.8 1180.8
11 - 12 420 550 970 862.7 469.5 1332.2
12 - 13 420 540 960 862.7 460.9 1323.6
13 - 14 350 480 830 733.1 409.7 1142.8
14 - 15 270 380 650 596.9 324.4 0921.3
15 - 16 140 260 400 345.8 221.9 0567.7
16 - 17 040 110 150 145.8 093.9 0239.7
17 - 18 000 020 020 000.0 017.1 0017.1
Daily 2440 3620 6060 5364.6 3090 8454.6Total
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TABLE 12. 15 November: mean monthly hourly radiation (KJ/m2) on a
horizontal surface and on a 45° plane, latitude 52°37' N
and orientation due south.
Nean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
7 - 8 010 010 020 000.0 008.5 008.5
8 - 9 040 100 140 238.0 085.4 323.4
9 - 10 120 220 340 431.8 187.8 619.6
10 - 11 180 320 500 549.3 273.1 822.4
11 - 12 210 360 570 603.4 307.3 910.7
12 - 13 200 360 560 574.6 307.3 881.9
13 - 14 160 310 470 488.3 264.6 752.9
14 - 15 110 210 320 392.5 179.3 571.8
15 - 16 030 100 130 178.5 085.4 263.9
16 - 17 010 010 020 000.0 008.5 008.5
Daily 1070 2000 3070 3456.4 1707.2 5163.6Total
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TABLE 13. 15 December: mean monthly hourly radiation CKJ/m2) on a
horizontal surface and on a 450 plane, latitude 52°37' N
and orientation due south.
Hean monthly Hourly Radiation
Hour Horizontal surface 45 degree plane
Beam Diffuse Total Beam Diffuse Total
8 - 9 000 040 040 000.0 034.1 034.1
9 - 10 050 130 180 262.6 111.0 373.6
10 - 11 110 220 330 433.0 187.8 620.8
11 - 12 130 260 390 464.3 221.9 686.2
12 - 13 130 260 390 464.3 221.9 686.2
13 - 14 100 210 310 393.7 179.3 573.0
14 - 15 050 130 180 262.6 111.0 373.6
15 - 16 000 040 040 000.0 03l~.1 034.1
Daily 570 1290 1860 2280.5 1101.1 3381. 6Total
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Figure 3
t1EAN NONTHLY HOURLY RADIATION ON i5 DEGREE PLANE
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Ficure 5
t1EAN J1ON1H... Y HOURLY RAn tAT ION ON -e DEGREE PLANE
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Figure 11
I1EAN romt..y t-IltA.Y RADIATION ~ i:5 DeeREE PLAIE
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Figure 12
MEAN tfONn-LY HOURLY RADIATION ON -e DEGREE PLANE
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Figure 14
t1EAN tDm-Ly HOt.RL.Y RAe lATION ON -e DESRB: PLANE
















t 2 3 4 S 6 7 S 9 10 t I 12
rmrH
Figure 15
~ lUmlY DAILY RAOIAn~ AT LEICF.S1"ffi~ 15 ram PLNE
46
2.8 Discussion
The calculations were carried out on the basis of one square
meter of collector area so that the results could be adapted to
collectors of different sizes.
The method of calculation is based on the di rect radiation
which will reac~ the inclined surface under consideration,
throughout the day, at any time of the year. However, radiation
falling behind the inclined surface could produced a negative
value in the calculation (see equation 2.1).
Any radiation falling behind a surface must therefore be
set at zero. This phenomenon can be observed primarily during
the early and late hours of the day during the summer months.
The radiation model did not account for the effect of
fluctuation of the incident radiation. 31However Courtney did
allow for the effect of fluctuation of the incident radiation
in. a manner typical of the U.K. weather conditions in his model,
and his results indicate that the difference in performance
should be small.
The radiation model which has been developed could be
used to convert radiation income on any inclined plane and at
any latitude.
47
CHAPTER 3. THE FLAT PLATE COLLECTOR AND ITS COMPUTER MODEL
3.1 Introduction
Having generated a series of radiation profiles on a
tilted plane (the collector surface) as described in chapter 2,
the next stage was to determine the efficiency of collection and
hence the useful energy gain, from the collector undergping sim-
ulation, using this series of radiation profiles.
The effect of flow rates on useful energy gain had to be
investigated. A computer model has been developed using the
equations described in this chapter concerning the thermal
analysis and the geometrical construction of the collector under-
going simulation.
The method adopted for the evaluation of the useful energy
gain from the collector undergoing simulation, using the com-
puter program which has been developed for that purpose,is based
on a well established technique 2 •
3.2 Description of the flat plate collector
The major component of a solar heating system is the
collector, which converts the sun's radiation into useful
energy and then transfers that to a working fluid. The fluid
transports the thermal energy to the storage tank for later use.
The main components of the collector area
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(a) A blackened or otherwise treated absorber plate (usually
metal) one of whose principal functions is to absorb
the incident solar radiation and to convert it to heat.
(b) Fluid passages t.hrough which a heat transfer fluid flows,
in good thermal contact wi th the absorber plate. Heat
conducted from the absorber plate is transferred to this
fluid which subsequently transfers it to water contained
i.e. the storage tank.
(c) A glass cover whose principal functions are to help to
insulate the collector plate from the cooler ambient air,
and to provide weatherproofing.
(d) Insulation material behind the collector plate, whose
function is sometimes one of providing some mechanical
support for the collector plate as well as preventing heat
loss. Often a highly reflective metal foil is placed
immediately behind the collector plate to help reduce heat
loss.
(e) An enclosing box whose principal functions are to hold
the other components of the collector in their correct
respecti ve posi tions.
3.3 Collector Thermal Analysis
The flat-plate collector model developed by Hottel and
woertz32, WhilUe?3, and Hottel and WhilUer34 relates the
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instantaneous rate of energy gain ~, to the design parameters





FR = the overall collector efficiency factor
A = the collector area
R.r = the rate of total radiation incident on the
collector surface
(We = the effecti ve product of the transmi ttance of
transparent covers and the absorbance of the
collector plate
= the collector overall energy loss coefficient
= the temperature of the fluid at the collector
inlet
T = the ambient temperature.a
Their model gives a simplified assumption because they did
not take into account the effects of the thennal capacitance of
the collector. HoweverLof and Tybout30 did take this into
account, and they concluded that such effects are negligible
for all commonflat-plate collector consttuctions.
Klein35 has carried out a muchmore rigorous analysis in
his model than Lof and Tybout, and has arrived at essentially
the same conclusion.
On the basis of Lof and Tybout, and Klein'S conclusion,it
appears that despite the simplified assumptions used by Hottel
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and Whillier, their model has been found to compare quite
fawurably with roore complex roodels.
Equation 3.1 can be writtenl
.
1/ I ~/ A
= 3.2
-/)Where / is the collector efficiency, and is defined as the
l
amount of useful energy extracted fDDm the collector as a
percentage of the solar energy incident upon the collector
during the same period.
3.3.1 Collector Overall loss coefficient (UJ_
The overall loss heat transfer coefficient is an import-
ant factor affecting the collector performance. Klein36 has
developed an empirical equation for the overall loss coefficient
32(UL) following the basic procedure of Hottel and Woertz • This







(344fT )[T - T ]/(N + f)]0.31
p p a
() (T + T ) (T2 + T2 )P a p a
[E p + 0.042sN(1 - E- »r' + [(2N+ f-l)/ ~gJ-N
Where,
N = number of glass covers





= emi ttance of glass (0.88)
£p = emi ttance 0f plate
= ambient temperature
= plate temperature
= wind heat transfer coefficient
= 5.7 x 3.8V
v = wind veloci ty




K = insulation thermal conductivity
L = insulation thickness.
However, Klein has pointed out that on evidence from his
equation, the collector overall energy loss coefficient (UL) is
a complicated function of both the collector construction and
its operating conditions. Klein also has carried out an
examination of graptliof theoretical values of UL against temp-
eratures and windspeed and his analysis indicates that the
functional dependence of UL upon the operating conditions is
not very strong, particularly for collectors wi th selecti ve
absorber plate surfaces. In addltion, the single straight line
relationship between collector efficiency and (T. - T ) /R Tin a
obtained in many collector performance tests, such as those
d b . 37 h' 11 dpresente y Simon , suggest that t e experimenta y measure
value of UL,may be considered to be constant wi thin experimental
error, provided that UL is evaluated at the estimated average
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operati ng conditions, the error in the long-term collector
perfonnance incurred by assumi ng UL to be constant will be
small.
2Duffie and Beckman have pointed out that the mean plate
temperature changes slightly as ~ changes throughout the day,
but the influence on UL will be small. Therefore, if the
dependence of UL upon operating conditions is ignored, UL
is a constant for a specified collector; its value can be
determined (at the estimated average operating conditions)
Lfrom the information gi ven in Duffie and Beckman •
3.3.2 Collector Geometry Efficiency Factor CFt)
The collector geometry efficiency factor F' is another
important parameter affecting the collection efficiency. The
higher the value of the collector efficiency factor, the greater
is the useful gain given to the working fluid, therefore the
overall collection efficiency is increased.
A physi cal interpretation for the collector efficiency
factor is that, at a particular location it represents the
ratio of the useful energy gain to the useful energy gain if
the collector absorbing surface had been at the local fluid
temperature, and it is essentially a constant for any collector
design and fluid flow rate.
The collector geometry efficiency factor is primarily a
function of the collector construction and it can be detennined
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in the manner described by Whillierr or Duffie and Beckman 2 •
Where:
For conventional tube-in-sheet construction
F' 3.4=
F = tan h [mew - DQ)L2] 3.5mew - D )/2
0
= JUL/Kp~P 3.6
= the distance between tube centres




1 = the inside tube diameter
= the conducti vity of the plate material
= the plate thickness
Cb = the bond conductance between the tubes and plate
hfi = the convection heat transfer coefficient between
the fluid and the tube wall
UL = the collector overall loss coefficient.
The bond conductance Cb can be a very important parameter
in accurately describing collector performance, and the bond
resistance can be reduced by having good metal-to-metal oontact
and so improving oollector performance. Increase in the heat
transfer coefficient inside the tubes (i.e. forced convection)
increases the collector efficiency Fl. This also increases
with both material thicknesses and thermal conductivity and
decreases with increased tube centre to centre distance.
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3.3.3 Heat Rezooval Factor (FR) and Flow Factor (F")
A very important parameter affecting the total useful
energy gain of the collector is the heat removal factor FR'
The higher the heat removal factor, the higher the useful
energy gain is, and therefore the greater the collector
efficiency. The heat removal factor (FR) Can be determined
2in the manner described by Duffie and Beckman.
= 3.7
Where,
G = flow rate per unit collector area
C = specific heat of fluidp
UL = the collector overall loss ex> efficient
F' = the collector geometry efficiency factor.
From the collector useful energy equation, defined by
equation 3.1, it can be seen that the effect of multiplier
FR, is to reduce the calculated useful energy gain from what
it would have been had the whole collector been at TF . to,1
what it actually is, using a fluid that increases in temperature
as it flows through the collector.
From equation 3.7 it can be seen that for a gi ven collector
construction and a specified flow rate, FR is essentially con-
stant.
By defining a new variable, the flow factor (F") = FR, and
examining its variation wi th the function ~
U F'L
F'











Co11ector flow factor F" as a functi on of
GCp/ULF' •
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the significance of these factors can be fully appreciated.
As the flow rate (G) per square metre of collector area
increases, the temperature rise through the collector de-
creases, causing lower losses and a corresponding increase
in the useful energy gain.
This increase in Q is reflected by an increase in theu
collector heat removal factor rR as the maSS flow rate
increases.
Therefore an increase in the flow rate increases the heat
removal factor (FR) which improves the overall collector
GC
performance. It can be seen that the function u-¥t beyond
L
about 50 has little marginal benefit for a specified collector
as shown in figure 16.
For the maximum energy collection in a solar collector
it is necessary that it operates as closely as possible to
the collector inlet temperature.
Very high fluid flow rates are needed to maintain a
collector-absorber surface nearly isothermal at the collector
inlet temperature.
Although high flows maximize energy collection, practical
and economic constraints put an upper limit on useful flow
rates.
However very high flows require large pumps and excessive
power consumption and lead to fluid condui t erosion.
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2In practice, liquid flows in the range of 50-75 kgJm hr
of collector area (-v 10-15 Ib/hr ft2) of water equivalent
are the best compromise among collector heat transfer coeffi-
. 38 39cient, fluid pressure drop, and energy de11very , • British
Standards draft40 reconmends that flow rates in the ref,ion of
36 - 72 kgJmt..of rollector area (" 7.2 - 14-.4 Ib/hr ft2).
However, the desired flow rate also depends on whether the
storage tank is stratified or mixed.
For a mixed storage tank, a large flow rate will deliver
the most energy if pumping power is ignored.
For a stratified storage tank, a lower flow rate is
desired, since high flow destroys stratification.
3.3.4 Effective Transmittance-Absorptance product CC"L)e
The effective transmi ttance-absorptance product (Cd.-) rep-e
resents the romplex interaction of optical properties in the
solar radiation wave length. It is somewhat larger than the
eli rect product of the rover transmittance and the absorber
absorptance, because some of the radiation reflected from
the absorber i s re tu rned to i t due to cover refl ectance • The
increase is typically about 5 percent. However, the effective
transmittance-absorptance product is influenced by oover trans-
mittance, number of oovers, absorptance of the absorber plate,
and solar angle of incidence.
The effective transmi ttance-absorptance for a oover system
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of n identical plates can be determined in the manner described
2by Duffie and Beckman
n





1 - (1 -£)Pd
3.9
=
-KLe at normal angle of incidence 3.10
:: at another angle of incidence 3.11
:: "Crta 3.12
(t,J....) :: the transmi ttance-absorptance product
(Jd :: the reflectance of the transparent covers for
diffuse radiation
(~ = the absorptance of the absorber plate
:: the transmi ttance (oonsidering absorption and
reflection)
v = the transmittance considering only absorptionLa
L = the actual path of the radiation through the medium
K = the extinction coefficient
92 = the refraction angle
ry = the transmi ttance considering only reflectionLr
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= the ratio of the overall loss coefficient to the
loss coefficient from the ith cover to the
surrounding.
Duffie and Beckman2 recorrunended that Pd be calculated
from the Fresnel equation wi. th an incidence angle of 600•
The Fresnel equation is
3.13
Where,
al = the angle of incidence
92 = the angle of refraction.
The angles 91 and 92 are related to the indices of refrac-










!D = the reflectances of one interface.
3.4 Evaluation of the instantaneous efficiency of the collector under
investi gation
The next stage in the simulation was to determine the
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efficiency of collection, and hence the useful energy gain from
. 41the collector. Tlelmat has suggested that the average diurnal
efficiency can be used as a measure of collector performance
but this approach would seem to be inappropriate when attempting
to assess long term system performance.
2The preferred method was that given by Duffie and Beckman ,
whereby the instantaneous efficiency is computed in terms of the
instantaneous rate of energy gain.
Other system variables used in the computation are given
below.
a) Ambient air temperature: ten years (1962-1971) mean monthly
hourly dry bulb temperatures were used, corresponding to the
same period used for the radiation data.
b) Water supply temperature: reliable records of water supply
temperature were not forthcoming and the data used in the com-
putation is based on the three year survey of Brink\,lOrth42,
a mean value being taken for each month as follows:
= ~
IT9 - 3 Cos -65 (0 + 11.25»)
where D is the day number (January 1 = 1).
c) Fluid flow rates: A Sri tish Standara 40 recommends the rate
to be in the region of 0.01 - 0.02 kg/Sm2•
d) Collector overall loss coefficient (UL): It was evaluated
from the information given by Duffie and Beckman2, at the
estimated average operating condition as shown in figure 17.
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e) Opti cal characteri sties 0 f 4 nun float glass: the cal-
culation of the optical characteri sties of 4 mm float
glass based on information given by Pilkington Brothers
Limi ted, Solar Energy Advi sory Service and Duffie and
2Beckman as shown in figure 18.
f) The collector undergping simulation was a typical tube
and sheet solar collector wi th single cover, in ~"hich
the particular set of parameters concerning the geometry
and the heat transfer coefficient were as follows:
Collector overall loss coefficient CUL)
= 28.78 KJhr-lm-2 oc-l
plate thickness (~ ) = 0.0005 mp
-1 -1 0 -1plate conductivity CK ) = 755.4 KJhr m C
p
The distance between tube centres (W)= 0.15 m
Outside tube diameter (D ) = 0.015 mo
Inside tube diameter (D.) = 0.013 m
1
Bond conductivity Ccb) = 00
The convection heat transfer coefficient between the fluid
and the tube wall (hfi) = 5395.68 KJhr-1m-2 °C-l
S . fl h t f f1 . d (C ) -_ 4.187 KJkg-1 °C-lpeer JoC ea 0 Ul
P
Number of covers (N) = 1
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The absorptance of the absorber plate (ol.) = 0.95 and
is independent of direction.
The ratio of the overall loss ooefficient to the loss
coefficient from the lth cover to the surrounding
The reflectance of the transparent covers for diffuse
radiation SJd) = 0.16.
3.5 The Computation procedure for the collector model
The computation procedure is shown in figure 19 which
illustrates the flow chart for the collector model.
3.6 Results
The results of the computation are shown in tables 14-25.
Each table shows the useful energy gain as a function of mass
flow rate for each month.
It can be seen from these tables that the effect of mass
flow rate, 0.01 kg/Sm2, 0.015 kg/Sm2 and 0.02 kg/Sm2, in useful
energy gain, indicate that as the flow rates increase from
0.01 kg/Sm2 to 0.015 kg/Sm2 and 0.02 kg/Sm2 there was a corre-
sponding increase in useful energy gain.
The results of the computation were used to generate a series
of useful heat gain profiles, and these profiles formed the basic
input data to the simulator as described in chapter 4.
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SET VARIOU S PARAMETERS
UL, ~ , K , W, 0 , D., CbP POl
hf,i' Cp,o(.. ,I'd' ai' A, N
~
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1
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1
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1
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Flow chart for the collector model
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TABLE 14 15 January: useful energy as a function of mass flow
rate.
2Useful energy KJ /m
Time
Ar.1bient Incident
Tenp era tu re Ener~y Flow rate
hours °c KJ/m 2 0.015 kc/ Srn2 20.01 kg/Srn 0.02 krJSm
7 - 8 2.l17 008.5 0 0 0
8 - 9 2.59 234.4 0 0 0
9 - 10 3.15 443.6 227.0 233.3 236.6
10 -11 3.78 634.1 378.3 389.0 394.4
11 - 12 4.27 773.8 486.2 499.8 506.9
12 - 13 11.65 773.8 495.2 509.1 516.2
13 - 14 4.78 668.4 425.6 437.6 l.43.7
14 - 15 4.74 443.6 264.5 272.0 275.8
15 - 16 4.32 151.4 0 0 0
16 - 17 3.85 008.5 0 0 0
Total 4140.1 2276.8 2340.8 2373.6
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TABLE 15. 15 February: useful enerey as a function of mass flow
rate
2Useful enerCy KJ/m
Time Ambient IncidentTemperature Enerty Flow rateHours °c KJ/m
0.01 kg/8m2 0.015 krJ Sm2 20.02 krJSr..
7 - 8 1.81 0129.2 0 0 0
8 - 9 2.24 0382.4 130.6 134.2 136.1
9 - 10 3.12 0684.1 368.7 379.1 384.4
10 - 11 3.76 0935.7 561.3 577.1 585.2
11 - 12 ll.28 1061. 3 660.1 678.6 G88.2
12 - 13 4.64 1029.8 646.8 665.0 674.4
13 - 14 4.84 0895.1 558.8 574.5 582.6
14 - 15 4.83 0675.6 403.3 414.6 420.4
15 - 16 4.62 0382.4 186.8 192.0 194.7
16 - 17 4.12 0207.1 000.0 000.0 000.0
17 - 18 3.61 0008.5 0 0 0
Total 6391.2 3516.4 3615.1 3666
68
TABLE 16. 15 Harch: useful cnergy as a function of mass flow rate
Useful energy KJ/m2
Tine Arabi.en t IncidentTenperature Ener~y Flow rateHours °c KJ/m
O.01 I'\. r,/ sri 0.015 kg/ Sm2 0.02 kgfSm2
5 - 6 2.46 0008.5 0 0 0
6 - 7 2.53 0112.5 0 0 0
7 - 8 3.18 0372.3 82.9 085.2 0086.4
8 - 9 4.11 0749.3 392.4 403.4 0409.1
9 - 10 5.12 1105.0 675.4 694.4 0704.2
10 - 11 5.97 1339.7 860.2 884.4 0896.8
11 - 12 6.62 1413.3 926.0 952.1 0965.5
12 - 13 7.00 1387.4 917.8 943.7 0956.9
13 - 14 7.30 1270.3 843.7 867.5 0879.7
14 - 15 7.34 0999.7 655.5 673.9 0683.4
15 - 16 7.16 0695.1 428.2 440.2 0446.4
16 - 17 6.74 0391.5 178.0 183.0 0185.5
17 - 18 6.13 0090.4 0 0 0
18 - 19 5.25 0008.5 0 0 0
Total 9943.5 5960.1 6127.d 6213.9
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TABLE 17. 15 April: useful enerey as a function of mass flow rate
Useful energy KJ/m2
Time Ambient IncidentTemperature Ener!y Flow rateHours °c KJ/m
0.01 kgfSm2 0.015 kgfSrn2 20.02 kgfSm
4 - 5 4.44 0008.5 0 0 0
5 - 6 4.46 0059.8 0 0 0
6 - 7 5.35 0266.7 0 0 0
7 - 8 6.40 0619.5 0267.5 0275.0 0278.8
8 - 9 7.33 0952.0 0566.8 0582.7 0590.9
9 - 10 8.28 1203.7 0782.7 0804.7 0816.0
10 - 11 9.00 1381.8 0924.0 0950.0 0963.3
11 - 12 9.56 ll173.6 0999.9 1028.0 1042.5
12 - 13 10.05 1495.8 1026.8 1055.6 1070.5
13 - 14 10.37 1376.8 0952.9 0979.7 0993.5
14 - 15 10.46 1154.9 0800.6 0823.1 0834.7
15 - 16 10.37 0885.7 0594.3 0611.0 0619.6
16 - 17 10.17 0542.5 0312.0 0320.7 0325.2
17 - 18 9.65 0236.7 0000.0 0000.0 0000.0
18 - 19 8.63 0059.8 0 0 0
19 - 20 7.23 0008.5 0 0 0
Total 11726.3 7227.5 7430.5 7535
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TABLE18. 15 ~'lay: useful energy as a function of mass flow rate
,





;:out's Tempgrature ' Ener~y
FIOl-l rate
C KJ/n
0.01 krJ Srn2 21 2I 0.015 kg/Sm 0.02 kg/Sm
I 14 - 5 7.23 0042.7 0 0 0I
5 - 6 7.89 I 0162.2 0 0 0
6 - 7 9.15 0425.6 0073.7 0075.7 0076.8
7 - 8 10.20 0815.5 0451.9 0464.6 0471.2
8 - 9 11.12 1200.7 0794.3 OR16.6 0828.1
9 - 10 12.07 1Ml.9 1041.8 1071.1 1086.2
10 - 11 12.78 1686.3 1195.3 1228.9 1246.2
11 - 12 13.34 1798.3 1285.4 1321.5 1340.1
12 - 13 13.82 1739.7 1290.8 1327.1 1345.7
13 - 14 14.14 1625.5 1185.5 1218.8 1236.0
14 - 15 14.31 1l.06.0 1035.6 1064.7 1079.7
15 - 16 14.27 1082.3 0789.6 0811.8 0823.2
16 - 17 13.96 0773.6 0516.0 0530.5 I
0538.0
11 - 18 13.46 0414.2 0172.0 0176.9 0179.4
18 - 19 12.59 0162.2 0000.0 0000.0 0000.0
19 - 20 11.60 0042.7 0000.0 0000.0 i 0000.0
Total 14919.5 I 9831.9 10108.2 10250.6
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TABLE 19. 15 June: useful ener gy as a function of mass flOl-l rate
I I Useful energy KJ/m2I
Time
Arnbi.ent; ; Incident
Ternper-a tu re Ener~y Flow rateHours "'c KJ/m
0.01 kg/Sm2 2 20.015 krJSm 0.02 l\.gJSm
3 - 4 10.09 0008.5 0 0 0
I 4 - 5 10.28 0076.8 0 0 0
I 5 - 6 11.21 0213.4 0 0 0
G - 7 12.36 Ol.99.7 0170.6 0175.l. 0177.9
7 - 8
I
13.ttO 0916.5 0574.3 0590.5 0598.8
8 - 9 14.36 1287.3 0916.1 ossi. 9 0955.2
9 - 10 15.34 1614.4 1189.4 1222.8 1240.0
i10 - 11 16.19 1812.1 1349.9 1387.8 V.07.3
I
11 - 12 16.72 1873.8 1404.5 1444.0 1464.3
12 - 13 17 .32 1 1862.8 1411.1 1450.8 1471.2
13 - 14 17.54 1738.9 1331.2 1368.7 1387.9
I 17.61 1484.7 1153.8 1186.2 1202.914 - 15 I
15 - 16 17.57 I 1177.5 0918.6 0944.5 0957.7
16 - 17 17.41 0853.8 I 0632.1 0649.8 0659.0
17 - 18 16.99 0491.2 0277.3 0285.0 0289.1
118 - 19 16.14 0221.9 0102.0 0104.9 0106.4
I
1 9 - 20 15.08 I 0085.4 I 0000.0 0000.0 0000.0i
20 - 21 14.09 I 0008.5 I 0000.0 0000.0 0000.0I I
Total i 16227.2 : 11430.9 11751.5 11917.7
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TABLE 20. 15 July: useful ener'gy as a function of mass f Low rate
I ")
I Useful ener-gy KJ t«:
I Time Ambient Incident; Temperature Ener~y Flow rateHours °c KJ/m 2 0.015 krJSm2 20.01 kG! Sm 0.02 krJSm
4 - 5 11.79 00Sl.2 0000.0 0000.0 0000.0
5 - 6 12.49 0179.3 0000.0 0000.0 0000.0
6 - 7 13.65 0447.8 0190.2 0195.6 0198.3
I
7 - 8 14.68 0796.3 0539.6 0554.7 0562.5
8 - 9 15.61 1139.5 0852.6 0876.6 0388.9
9 - 10 16.53 1443.4 1105.8 1136.9 1152.9
10 - 11 17.28 1612.5 1243.8 1278.8 1296.7
11 - 12 17.77 1662.5 1289.5 1325.7 1344.4
12 - 13 18.36 1682.3 1317.1 1354.1 1373.2
13 - 14 18.70 1568.2 1246.8 1281. 8 1299.8
14 - 15 18.83 1380.1 1116.6 1148.0 1164.2
15 - 16 18.77 I 1101.1 0901.6 0926.9 0940.0
16 - 17 18.56 I 0772.0 0616.9 0634.2 0643.1II
17 - 18 18.13 I 0447.8 0296.0 0304.4 0308.6
18 - 19 17.25 I 0196.3 0133.3 0137.1 0139.0
16.24 I 0059.8 0000.0 0000.0 0000.019 - 20 !
Total 14540.1 10849.8 11154.8 11311. 6
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TABLE 21. 15 AUGUst: useful enerCy as a function of mass f'Lowrate
i Incident
1]seful energy KJ1m2
Tine Arabi.errtTenpe'raturc cncr~y Flot.;rateHours 0(' KJ/n
0.01 kr,ISn2! 0.015 kc/Sm2 0.02 krJSm2
4 - 5 i 11.54 0008.5 0000.0 0000.0 0000.0
5 - 6 11.84 0085.4 0000.0 0000.0 0000.0
6 - 7 12.88 0310.5 0144.2 0148.3 0150.4
7 - 8 11l.00 0692.5 ! 01.86.1 0499.8 0506.8
I i8 - 9 l/l.99 1069.9 0815.3 0838.3 0850.0
9 - 10 15.97 1390.6 1082.0 1112.1. 1128.1
10 - 11 16.74 1515.9 1188.2 1221.7 1238.8
11 - 12 17.36 1588.0 1251.9 1287.1 1305.2
12 - 13 17.B4 1506.6 1248.5 1283.6 1301.7
13 - 14 18.14 1436.7 1166.6 1199.4 1216.3
14 - 15 18.28 1193.3 1000.6 1028.8 1043.3
15 - 16 13.20 0957.3 0816.0 0838.9 0850.7
16 - 17 17.91 06111.3 0532.3 0547.3 0555.0
17 - 18 17.4 0304.0 0249.0 0256.0 0259.6
18 - 19 16.32 0085.4 0000.0 0000.0 0000.0
19 - 20 15.21 0008.5 0000.0 0000.0 0000.0
Total 12827.4 9980.7 10261.6 10405.9
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Temperature energy Flow rateHours °C KJ/m2
0.01 kg/ Sm2 0.015 kg/Sm2 20.02 kEf Sm
5 - 6 9.97 0017.1 0000.0 0000.0 0000.0
6 - 7 10.55 0172.1 0076.8 0078.9 0080.0
7 - 8 11.81 0527.6 0366.2 0376.5 0381.8
8 - 9 13.01 0939.8 0717 .1 0737.2 0747.6
9 - 10 14.19 1354.8 1049.7 1079.2 1094.4
10 - 11 15.10 1555.4 1211.9 1246.0 1263.5
11 - 12 15.74 1646.5 1289.2 1325.4 1344.1
12 - 13 16.29 1613.9 1279.7 1315.7 1334.2
13 - 14 16.61 1452.0 1176.3 1209.3 1226.3
14 - 15 16.63 1205.6 1004.7 1032.9 1047.4
15 - 16 16.34 0870.5 0749.4 0770.5 0781. 4
16 - 17 15.97 0481.3 0437.6 0449.9 0456.3
17 - 18 15.09 0151.3 0000.0 0000.0 0000.0
18 - 19 13.79 0017 .1 0000.0 0000.0 0000.0
Total 12005.0 9358.6 9621. 5 9757
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TABLE23. 15 October: useful ener-gy as a function of raass flot{
rate
1 I Useful energy KJ/m2
Time
I Ambient Incident Ij TE!llperature ener~y I FlOiv rateHours °cI ¥J/m I 2 2 2,0.01 kr,/Sm 0.015 kg! Sm 0.02 kg/Sm
I
6 - 7 8.48 0017.1 I 0000.0 0000.0 0000.0
7 - 8 8.99 0239.7 I 0163.0 0167.6 0170.0
9.98 0567.7 , Oll29.0 0441.1 04/i7.38 - 9
9 - 10 11.11 090/... 9 1 0700.1 0719.8 0729.9
10 - 11 11.98 1180.8 0915.7 0941.4 0954.7,
11 - 12 12.71 1332.2 1037.4 1066.6 1081.6
12 - 13 13.14 132'3.6 I 1041.1 1070.3 1085.4
13 - 14 : 13.31 1142.8 I 0920.9 0946.8 0960.1
I14 - 15 ! 13.33 0921.3 0763.3 0784.7 0795.8
I 12.92 0567.7 I 0498.5 0512.5 0519.715 - 16 !
16 - 17 12.22 0239.7 0000.0 0000.0 0000.0
17 - 18 ' 11.33 0017.1 0000.0 0000.0 0000.0: I
i 8454.6 6469 ! 6650.8Total I ! 6744.5
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Temperature ener~y Flow rateHours °c KJ/m 0.01 ke/sm2 O.015 ke/ Sm2 0.02 kg/Sm2
7 - 8 4.90 008.5 0 0 0
8 - 9 5.28 323.4 165.7 170.4 172.8
9 - 10 6.11 619.6 411.2 422.8 428.8
10 - 11 (i.83 822.4 575.2 591.4 599.7
11 - 12 7.41 910.7 649.6 667.9 677 .3
12 - 13 7.78 881.9 638.5 656.5 665.7
13 - 11. 7.91 752.9 552.7 568.2 576.2
ll. - 15 7.69 571.8 416.9 428.6 434.6
15 - 16 7.23 263.9 175.9 180.9 183.4
16 - 17 6.57 008.5 000.0 000.0 000.0
Total 5163.6 3585.7 3686.7 3738.5
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TABLE 25. 15 DecCMber: useful enerGY as a function of nass flow
rate.
2 IUseful energy KJ/m
Time Ambient IncidentTemperature ener~y Flow rateHours °c KJ/m
0.01 kfJSm2 0.015 krJSm2 0.02 krjSm2
8 - 9 3.07 034.1 0 0 0
9 - 10 3.61 373.6 197.1 202.7 205.5
10 - 11 4.21 620.8 384.8 395.6 401.2
11 - 12 I~.74 686.2 443.7 456.1 462.6
12 - 13 5.06 686.2 451.2 463.9 470.4
13 - 1l~ 5.12 573.0 373.4 383.9 389.3
14 - 15 4.95 373.6 228.8 235.2 238.5
15 - 16 4.44 034.1 0 0 0
Total 3381.6 2079 2137.4 2167.5
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3.7 Discussion
The calculations were carried out on the basis of one
square metre of collector area so that the results can be
adapted to collectors of different sizes.
Since the radiation income used in the computation is
based on hourly totals, it is necessary to consider the use-
fUl energy gain as hourly energy totals, and the sum total of
useful energy gain for all hours, whenever there is a positive
gain, would give the daily total useful energy gain.
A few negati ve values of useful energy gain were observed
in the results, the reason is that if the right-hand side of
equation 3.1 is negative, the collector will be losing heat
to the atmosphere and therefore these values must be set at
zero.
It is interesting to note that all incident angles were
near normal whenever there was significant useful energy gain.
The collector model could also be used to simulate differ-
ent types of flat-plate collectors by defining their character-
istic parameters.
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CHAPTER 4. mE SIMULATOR AND EXPERIMENTAL EQU IPMENT
4.1 The Simulator
4.1.1 Introduction
The general brief for the simulator was that it should
behave, in te~s of heat transfer, in a very similar manner to
a flat plate collector system whenconnected to the storage ves-
sel under test. This meant that consideration had to be given tol
a) appropriate solar radiation data
b) the characteristics of the particular flat-plate collector
being simulated
c) other important system variables such as ambient tempera-
ture, water supply temperature, fluid flow rate, and diff-
erential temperature control.
This simulator was intended to be representative of the
long tenD system perfonnance. The analysis of chapter 1 and 2
produced the basic energy profiles to be transferred, by the
similator. to storage vessels to study stratification.
4.1.2 Description of the simulator
A line diagram, showing the various elements of the simu-
lator43 is shownin ~igure 20. Plate 1 shows a close-up of the
power regulator. The simulator consi sts of a micro-
computer interfacing a main power regulator with an 8-bi t
80
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Plate 1 The Simulator
82
digital control system (0-255 useful states) which drives a
resistor chain. The output from this network is a voLtage
which determines the power level of an electrical heater in
an 11.5 li tre water filled copper vessel. I-lith any usefu 1
energy profile of interest. the user is able to control.
through the micro-computer. the logic level of the userport
and decide on the time step interval for the test by access-
ing the internal clock of the micro-computer. It was decided
to use a 10 minute stepping interval based on the hourly
profiles. which have been generated in chapter 3 as shown in
tables 26-43. and are given in Appendix 1.
The details of the calibration are given in Appendix 2.
4.2 Making the temperature probes
It was very difficult to decide which material was to
be employed for the construction of the temperature probes.
However, the material to be employed needed to have low
thermal conductivity. It had to be rigid enough to be used
owith temperatures up to 85 C, and be chemically resistant
to attack by water. The material had to have a low coeffi-
cient of thermal expansion. It had to have gpod impact
resistance and be tough and durable.
It was decided to investigate which material had these
properties. It was found that "perspex" had aIm st the
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requi red properties, and therefore it was preferred. A
*1783 mm perspex tube was employed having a 25 mm outside
diameter and 19 mm inside diameter. One end of the perspex
tube was fi Ued wi th a perspex rod, having a length of 25 mm
and diameter of 19 mm. The other end of the perspex tube was
left free to allow the thennocouples to comeout of the per-
spex tube. Fifty two holes were drilled on a straight line
along lb. tube, each hole being 3 mm in diameter and 25 !DID
apart. ThellDOcoupleswere threaded one by one into the per-
spex tube from the open end, and were allowed to comeout
thl.'Oughthe holes above the surface of the perspex tube to
a height of 25 JDID. This was done to avoid the boundary layer
effect on the therIIDcouples at the measuring points.
Each end of the thennocouples above the surface of the
perspex tube was stripped, and soldered at the top end wi th
a soldering iron. The thennocouples protruding from the
perspex temperature probe is shown in plate 2. The other
end of the thermocouples were free to connect to the DATA
LOGGER.The holes on the surface of the perspex tube were
sealed with H890 t'apid bonding adhesive. This method of
bonding was recommendedby Bostik Ltd. after pri vate commu-
nication.
Unfortunately two days later it was found that the perspex
tube had cracked around the holes. This suggested that the
expansion of the perspex tube was different from the expansion
of the bonding adhesive, and therefore a strain was produced
* For LID = 3/1 tank
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Plate 2 Thenoocouples protruding from the
perspex temperature probe.
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and the perspex tube cracked around the holes. It was
decided to do the same procedure again and change the
adhesi ve from H890 rapid bonding adhesive to Araldi teo
Unfortunately four days later it was found that the
perspex tube had cracked again around the holes, exactly as
when the M890 rapid bonding adhesive was used. It was then
decided to strengthen the cracked perspex tube by inserting
a larger diameter perspex tube over the cracked one after
making a split along the length to allow the thermocouples
to come out. The sp'li t was then sealed wi th araldi te, as
shown in plate 3.
4.2.1 Testing the temperature probe
A p.v.c. tube was employed having a 10 em diameter and
2 metre length, a 25 mm split was cut along the plastic tube.
Both ends of the plastic tube were sealed with a blank flange
and solvent.
A wooden box was made having a length of 2 metres, width
of 15 em and depth of 17.5 em to house the p ,v ;c. tube and
allow enough space round the tube for insulation. The space
was filled with a micafil insulation to prevent heat losses.
The p .v.c, tube was filled with hot water and then the temper-
ature probe put on the top of the p ,v, c. tube allowing the
tilpSof the thermocouples to be fully immersed into the hot
water. The tberrrocoupIes wires passed through a 25 lIIll diameter
hole at the side of the wooden box. The other end of the
86
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thermocouples was connected to the data logger. A top layer
of micafil covered the temperature probe and the lid was
placed on the box.
During the test there was a leak from the p.v.c. tube and
by examining the situation it waS found that the temperature
probe was bent and the araldite had become soft.
It was concluded that neither the perspex tube nor the
araldite was suitable for use in the construction of the
temperature probe.
4.2.2 The second attempt at w-aking the temperature probes
It was decided to look for a roore suitable material to
make the temperature probe. After pd vate conununication wi th
the Insti tute of Plastic they reconunended use of a pol truded
glass reinforced tube, and plastic filler paste commercially
called "David's Isopon" to fill the holes.
The properties of the glass reinforced tube were ob-
tained from Fothergill & Harvey Ltd. It was found out that
the properties of the glass reinforced tube were much better
than the perspex tube and therefore it was selected.
In this investigation three probes were needed since there
were three solar storage containers for experimentation. It was
decided to make one at a time, and having gained experience wi th
the first one, the other two could be manufactured with less
difficulty. Three poltruded glass reinforced tubes were
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employedhaving length of 2499 nm, 2163 romand 1783 mm
....,
respec ti vel y.
The inside di. ameter of the tubes was 19 mm, the outside
diameter was 25 mm,and the wall thickness was 3 mm. It was
decided to locate the thetmocouples on the surface of the tubes
in a way dependent on the expected stratification within the
solar storage containers. In the light of the literature
survey, it was found out that the nost stratification was
expected to take place in the top third of the solar storage
container, and less was expected to take place at the middle
third of the storage container, and none was expected to take
place in the bottom third of the storage container. On the
basis of that finding, it was decided to locate 18 thermo-
couples at the top third of the tube at equal intervals as
smw in plate 4, and 8 themocouples in the middle third of
the tube, and 1 thennocouple in the bottom third of the tube.
One end of the tube was filled with plastic filler paste.
The other end of the tube was left free to allow thernn-
couples to comeout of the tube.
26 holes were drilled on a straight line along the tube,
each hole having a 3rnmdiameter. As the glass reinforced tube
was opaque, a thin wire rod was pushed into the hole until it
reached the open end of the tube. The thermocouple tip
was soldered to it and then pulled out of the hole on the
surface of the tube. The wire rod was then cut. This proce-
dure was repeated until all the thermocouples were threaded




onto the glass reinforced tube. The thennocouples were above
the surface of the tube to a height of 25 mm , This was done
to avoid the boundary layer effect on the thennocouples at
the measuring points.
Each end of the thermocouples above the surface of the
tube were stripped and soldered at the top end with a soldering
iron. A thin plastic tube was put over the thennocouples to
support them. A typical thermocouple tip along the glass
reinforced temperature probe is shown in plate 5.
The other end of the thermocouples were free to connect
to the data logger. The holes on the surface of the tube were
sealed with plastic filler paste and then the tube was brushed
wi th resin commercially called "David's Isopon Resin". This
was done to make sure ro leak occurred through the tube.
The same procedure was repeated for the other two tubes.
4.3 The Calibration of Copper-Constantan Thermocouple by Freezing:
point Baths
4.3.1 Introduction
Calibration of a thermocouple is the process of detennining
the electromotive force developed by the thermocouple as a
function of the temperature eli fference between its measuring
junction and a standard reference junction.
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Plate 5 Typical thermocouple tip along the
glass reinforced temperature probe.
4.3.2 Description of Terms
4.3.2.1 Thermocouple
A thermocouple is a temperature-sensing device ~enerally
00 O5isting of two dissimilar electrical conductors (usually
wires). These wires are joined together at one end to form
a measuring junction. The other end of the thermocouple is
called a reference junction. When the measuring junction
and the reference junctions are at different temperatures,
an electromotive force is generated in the system; the magni-
tude of this electromoti ve force depends on the temperature
difference.
4.3.2.2 Selection of the thennocouple
The temperature range will determine the type of thermo-
couple to be used. The range of this investigation was
approximately between OoC - 60°C for which a copper-constantan
thermocouple was employed.
4.3.3 Apparatus
4.3.3.1 The Liquid Bath
The success of the calibration depended upon the ability
to bring the thermocouple being calibrated and the platinum
resistance thermometer to the same temperature within the
required limits of accuracy. This was achieved by using a
well stirred, insulated liquid bath provided with controls for
maintaining the temperature constant.
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4.3.3.2 The Digital Voltmeter
A Solartron A2l2 digital voltmeter was used to measure
the electromotive force of the thermocouple being calibrated.
It gives an accurate and sensitive range of voltages and
permits fast readings.
4.3.3.3 The Standard platinum resistance thermometer
A standard platinum resistance thermometer was used.
This was the most accurate standard for use in a stirred
liquid bath. Temperatures were not measured directly with
this instrument. Its electrical resistance was determined
by comparison with a standard resistor using Inductively
Coupled Ratio Bridge Type 5650.
4.3.3.4 Ice-point reference junction bath
An ice-point reference junction bath was used. This pro-
vided a relatively simple and reliable means for maintaining
the reference junction at OOC (32°F). A wi de mou thed thermos
bottle filled with shaved ice saturated with water was used.
4.4 Calibration procedures
A copper-constantan thermocouple was prepared for calibra-
tion. The thermocouple was stripped and soldered at one end
wi th a solderi ng iron,
The standard resistance thermometer was wrapped with
calibrated thermocouple by a fine wire and clamped into the
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liquid bath two inches above the bottom of the bath. The
sensor of the standard resistance thermometer was level with
the thermocouple reference junctions. The standard resistance
thermometer was connected to Inductively Coupled Double Ratio
Bridge Type 5650. Electrical Connection between the thermocouple
wire and its copper connecting wire was made by inserting them
in small glass tube containing about 20 mm (.075 in) of mercury.
The glass tube was mounted in hole in a stopper fitted into
the mouth of the thermos bottle and extending below the surface
of the ice slush near to the bottom of the thermos bottle. The
copper connecting wire was electically insulated to a point
about 6 rom (0.25 in) below the mercury surface. In the pre-
paration of the ice bath, the spaces between the ice particles
were filled with water (to prevent air pockets), and the ice
was extended to a depth of at least 25 mm (1 in) below the
bottom of the tube, water being drawn off from time to time,
and ice added as needed. The digital voltemeter was connected
to the thermocouple. When the bath was stabilized at -loC
for about 10 minutes by means of a stirrer and a thermometer,
the electromotive force of the thermocouple was recorded, and
the corresponding resistance ratio of the standard platinum
thermometer was recorded, immediately after the reading of
the electromotive force of the thenmocouple these procedures
were repeated at each of a series of selected calibration points,




The electromotive force of the thermocouple and twelve
calibration points and the corresponding resistance ratio
of the platinum resistance thermometer are shown in table 44.
Table 44: Calibration of Copper-constant thermocouple
I Equivalent
Resistance Temperature for SolderedTemper Ratio Resistance Thermocoupleature Ratio E.~!.F./MV
(oC)
-1 0.505578 0.39 10
5 0.509477 4.35 168
18 0.522001 17.53 687
23 0.527713 23.80 953
29 0.532374 29.03 1168
36 0.538851 36.49 1483
41 0.543177 41.61 1698
48 0.548213 47.69 I 1968




I75 0.569152 74.64 3157
4.6 Reading between test points
Interpolation was required to obtain a continuous temper-
ature electromotive force relationship. The experimental data
~ treated mathematically. In consideration of each point,
one weighs its relative value according to the laws of proba-
bility then passes a precisely determined equation of a pre-
scribed form through the data. The well-known least-square
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principle for treatine data fulfils the foregoing require-
rnents. It was found that there was no improvement gained
by going to a fourth order fit. The equation used was as
-5E.N.F./mv = t(0.0389566 + 4.5525 x 10 t). Thefollows:
cubic fit representing the thermocouple characteristic was
determined at appropriate intervals and the results are
shown in table 45 as a photocopy of the computer print out.
IL 7 Diff er-enti al Temperature Controller
The purpose of the controller is to ensure that fluid is
purnp ed through the collector only when useful heat can be
gained, that is, when the temperature of the fluid at the
collector output is higher than that of a reference point at
the bottom of the storage container. Close44 has shown that
the best (i.e. highest energy collection) control strategy for
pump operation is achieved by the use of an on-off di fferential
controller. Therefore a differential temperature controller
TYPEB-18 was employed. It is manufactured by Air Distribution
Equipment Limited. The controller is provided with two temper-
ature sensors which are suitably housed thennisters. One sensor
was located at the bottom of the storage container and the
other was located at the outlet of the heater. The differen-
tial temperature controller senses Tso' the fluid temperature
at the bottom of the storage container and T , the fluidco
temperature at the outlet of the heater, and then controls the
operation of the pump as recommended by British Standard40.
97
uj <"" tt'l M r·J .,-t 'I'"""i ~ 0 0 0 COO 'l""'"1 ~ M r,~~ ;-.c; ~ L!-; .....~ f', ;:;; C ~ l'.~ <:r C:--, C.....~
~ t") r-, ,..... :,;'1~ M r-, oM ~; 0-. M r-, ~ ~, 0", ~ r-, ~ L; ~ ~ r-, ~ ~~ o-. ~ .:J ("~ '""~ '.:) ~ :"'f')
• 0 0 T'-f _. ,.-! C'".~ ("".J ~ 1"-1~ <:T <:" w; ;.;; ;,:-; ....:; ....~ J" ... 1'''' ;' ... 0' O~ ::>. ~ ::;.. ._; 0 ~ ~ -.: .... '" ......:o • • • • .. .. • .
OOOOOOOOOOOOOOOOOOOOOOOOOMrl~
T"'4 0 Qro. 0-- 0:: r-, i'. r-, ~J ~') ...a ..."J "':; "J i'. r-, f'. CO CO :,... 0 ~ (".~ ~ <:r :'l 1'- CO ._. :-; :-<; ~; ;"
OOM~O~ooN~O~~N~O~OON~O~X~~~~~~~~~O~~~
• 0 0 oM T""'i .,.... t·J (,.J ~ ~ :""'; <:f' <t" i.t:: ..;; ~"1 ....-:; ...~ i', i'. j"... ......._... 0, ~ 0-. 0 0' ~ C"' ~ ('" ~ • I ~o • • .••
0000000
.. .. .
0000 00 CO!':)!'~ 0
"I'(".J
-0
> 0 -.: 0
"
~~~~~~~NNNNNNN~~~~~~~~~O~~~~~~~~~O~XN~O~~N~O~OON~O~~N~O~~~~-D~~~~O~~~NN~~~~~~~~~~"~~oom~~~OOrl-~NNM. . . . . . . . . . . . . . . . .. .. ..
OOOOOOOOOOOOOOOOOOOOCOOO-~-""'~-""~
-~ ~NN-OO~~mmoo~mmOO~~CO_NM~~~~mO_~~~oo_~N~O~mN~~M~-~~~~-nO~OON~O~OON~-~~~~""
;C - 0 0 .........(,.J N ('.~M ~ ~ ~ ~ i.:1ill-.()...:J I'~ ~ 00CO~ 0-. ~ 0 0 1""'! .... ~ (,.j r~:"")
• 0 • • • • • • • • • • • • • • • • .. •
W OOOOOOOOOOOOOOOOOOOOOOOOO ........--~-- ....
W ~~OO,,~~~~~~~~~~~~~~~~oo~O .....Nn~~~~-N~~~_~~~I' ....~~~~-~~M"-~~~I' ....~O~CON~O~oo~"-
u.... • 0 0 0 _ - ('·1 N ('·1 M M <:t~ <:t11111~ ~ ~ ~ ~ 0000~ ~ C-- 0 0 ~ .........., J N M




:z: 0 • • • • • • • • • • • • • • • • • • • • • • • • •~ 0000000000000000000000000- ....-- _
~ 0 r·J M tJ1-0 CO0
.-4 -0 0 <:t00r·1 ~ _
00- - .....N C'"~ M- - -
~ N-O~mOO~~-o~~~~~~""mOO~OO-N<:t~~~~_N<:t~~~~~~N~O~OON~O<:tOON~O<:tOON~-~~M~~~~~OON~O
Z·OOO--NNNMM~~~~~~~~~~mmoo~~OOO--NN~
<C 0 •.• • • • • • • • • •• '. • • • • • • • • • • • • • • • • • • • •~ 0000000000000000000000000--------
UJ
~ ~~~~~~MMMNNNNNNMM~~~~~"OO~~NM~~OOONUNO<:tmN~O~OON~O<:tOON~O~OON~O<:tmN~~~~M~-~O.OOO~~NNNM~~<:t<:t~~~~~"~moo~~~OOO-_NN~
~ 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •W OOOOOOOOOOOOOOOOOOOOOOOOO~~~-~~--
C&.
~ ~~N-Oo~~~mmoooomm~~~O~_NM<:t~~m~~N~~~U~O~mN~OM~~~~M"-~~M~N~O<:tOON~O<:t~M~~~~.000-~NNN~~~<:t~~~~~~""mmm~~000--NNN
o • • • • • • • • • • • • • • • • •••• • •. • • • •••••~~OOOOOOOOOOOOOOOOOOOOOOOOO-""-----




U • • • • • • • • • • • • •• • • • • • • • • • • • •• • •••·'O~NM~~~"OO~O"NM~~~~m~O"NM~~~~m~O-N~ ----------NNNNNNNNNNM~M
98
I'"')tii r-, ()o..(,oJ<:t1'-.0- (,.J 1.11CO .-I <:t" 0 <:tr-, ~ q-iD (""·1 ~O<:t CO ("".~r-, .-1'<)0 ;."", 01.11 0 1.11...
r-, .-I If) o-<:t OJN'<) .....1 110- <:tCON r-, ..... ,..., 0 q-co M I'- r·~ ~ .... m o- <:tCOM r-, (",.J -0 .-I L;"1... .._,I'"')<:t<:t<:ti.i') 111-0-0" ""CO COO- 0- .... 0 rl M .-I ("".~ r·~l"'1 f"") <:r ~<:t if,) ul -0 ....-:; !", 1'-. mco......... .. .. .. .. • .. • .. .. ·· · • .. .. .. . · . ·· . . . . ..-I ..... ..... "P'I.....-I .-I ....."P'I...........-I .......... .-4N C"-J C".~ ,.J "J N r·J r·~r·J N ('~N ".~r·J r·~N ,.J .~·Ir·~ ""4
0- ..... M 1.11CO 0 1"11.110)..... ~1'-. 01'"') -0 0- M ....~ 0 <:t en ,.~ -o .... <:r G,) "1 " .....-<J .-I '-00 Li-; .....-.;
..;J ..... 1.110-1"") OJ N-OO li1 0-. M ooN -o 0 1I10-. <:rCO ,.j i'. ....~ 0 <:to-.M OJ ("".~r-, M-Y 0 1I1I'"')<:t<:t<:t1.1111-0 -0 r-, ,,!'-OO CD()o..o- 0 ...... 0 .......... r·J (".~M M <:t<:t<:t:n 1.11-..0 ~ 1', r-, CO ::0.......
• • . . . • • ·. .·· • ·. . · .. ·· .. . . . . ...... ..... .... "P'I........ ....."P'I.................. . . . ..... (,.J N ..J (,.J N N (".~ C'.~ ,.~ "1 C'I ("'1 r·J (""1("'1 C....i t·J ,.~"1 r·~
1.11" 0- .... 1'"')-0 CO ....<:t-0 0- ('·1 !Jl0- roJ!n 0- N -00- M I'-M 1.i; 0- ~co r'l !'-('.~-0 ..... -.0 .-! -v-0 0 <:t0-t"1 1' .....-<lO <:trot"')" ..... -0 0 <:t0- M1' ('·1 .....~ T"'i u; 0- ~O) Mf'N .... , .....til0 ~M <:t<:t<:till1.11-0-0" ""CD CO 0"-0"- 0 0 0 ......... r·J C'.~ M M M <:t<:ttii 1.11-0 -O!'-1' OJ CO· .. . · .. ·. . ·· • • . • . . • • • . • · . . . . . ..... ..... .... ........ .... ......-4................. .... . ... N (,oJN N ("'1 N C'.~N N ("1 ("-4 N NNN (".J ('·1 ("·1 C'.J N
ON~"o-.N<:t"O-N~CO ....<:t" ....<:tCO .....~()o..M" .....~O-<:tCON"N"""-ON-OO<:tCDN" .....~o-<:tCON".-4~O<:to)M" .....-OO~O-MCON" ....-OO~o-<:tM<:t<:t<:t~~-O-O-O,,"COCOO-O-OOO ........NNMMM<:t<:t~~-O-O,,""CO·. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
............................................................NNNNNNNNNNNNNNNNNNNN
-OCOOM~"ON~CO ....<:t"OM-OOM" ....<:tCON-o ....~o-<:tCOI'"')"N"N"~()o..<:tCON-O ....~O-MCON-O .....~O-<:tCON" .....~O<:tO-M"N-O ....~O<:tO-I'"')MM<:t<:t~~-O-O-O,,"COCOO-()o..()o..OO ........NNMI'"')M<:t<:tnn-o-o"""co·. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
............................................"P'I .....NNNNNNNNNNNNNNNNNNN
N<:t~CO ....I'"')-OCO....<:t-O()O"N-OO-N-O()o..I'"')-OO<:tCON-OO~o"-<:tCOMCON"N~O-M"N-OO<:tO-I'"')" .....-OO<:t()O"M"N-o .....~O-<:tCOM" ....-OOno-<:tCOMMM<:t<:t~~-O-O-O,,"COCOO-O-()O"OO ........NNNMM<:t<:tnn-o-o-o""co
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •.-4.-4 NNNNNNNNNNNNNNNNNNN
mON~-oo- ....<:t"O-N~CO ....<:tCO ....~CON-OO<:tCON-OO~()o..~o)MCOMCO
<:to-M" ....~O~CON""P'InO~COM""P'I-OO~()o..I'"')CDN" ....nO<:tO-MCONMM~~~~~~-O,,"COCOO-O-O-OO ........NNNMM<:t<:tnn-o~-o""co· " . . . ....... . . . . . . . . . . . . . . . . . . . . . . .
................................................................NNNNNNNNNNNNNNNNNNN
~ ....M-OCOOM~m ....~"OM~O-M~OM~~~O-M" ....-OO~O-.O-~O-MmN-OO~O-~"N~O~O-M"N~ ~~~CON~ ....~O~~MOON" ....MM~~~~~~~""mmmO-~OO NNMM<:t.~~~~-O~"CO·.. . . ..~. . .. ... . .... . . . . . .. . .. . . . . .
~ ................~ ..............~ .~ ............NNNNNNNNNNNNNNNNNNN
~"o- ....~~~ ....~-OO-N~mN~CON~O-M-OO<:tOOM" ....~O~O~()O"~M"~~O~COM" ....~O<:tCOM".-4~O<:t~MmN~ ....nO<:tO-MCON-O ....MM~~~~~~-o"~cocom~~OO ....~ ....NNMM.<:t~~~~-O~"CO
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •........~ ~ ~ NNNNNNNNNNNNNNNNNNN
00000000000000000000000000000000000
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •M~n~~m~O""NM.~~~CO~O""NM~~~~CO~O""NM~~~"MMMMMMM •••• ~~~~~.~~~~~~~~~~~~~~~~~~
99
O-.o...t-0 ,oJ OJ M 0-. III...tf'M 0 -0 N 0-.-..0 N 0-. -OM 0 1"'.... u"1 roJ o-.f'lO roJ 0 m-oO~o-. I"') CO roJ r-, ...t-..o...tiJl0 it) 0-. <;t roM OJ roJ f'N r-, ...t-Orl til 0 itl ,..... JJ o-.~'-"0-.0-.0-. OOM ...... (,.J r·J MMq- q-q- in to -.0 -c i'i' OJ OJ ~o-. 0 OM .... ('oj (".~ ('"oil"')·. . • . . . • • . . • • . . • . • • . • . . .(\j N N MI"')f"')r-:lf"')1""lMMM MM M MMM M ~ M M MM q-~~ c::- c::- <:t<:tq-
-<I...t-.ocrr-, M 0-. ~o -.0 ('oj 0- l.t.! ,..... co <r...tCO~ ""'""co ill !'c10 r-, l:j (,.J 0 c.::; ill 1""J ....O-~(l) M" ('oJ -.0 ...t-..o0 til 0-. ~o-. M COM r-, r·~r-, ...; ...:1 ~'-O 01.1:;0 iJj o- <r Q-.<r(DO-O- OC...t .... roJ ,oJ MMl"'J ~~ lJl !i') -0 -0 i"... r-... 0 0 0-0-. 0 0 ,....; ,...; .... C".~ ('oJ M·. . . • . . . . . . . . . . . . . . . . . . . . .NN ("oj MMM MMM M MM MM M MMM M MM M MM <r c-r q- <;t<;tq- q-q-
...t-<lN"M(D~O-.oNCO~O"MO-.oMO"~...tOJ~NO"~Mrlo-.~o-.MCON"...t-<l...t~O<;tO-~OOMOON"N..;)...t..;)O~O~O-<;to-<rOJMmo-o-.OO...t...tNNMMM<:t~~~";)";)f'f'(l)CO~o-.OOO...t...tNNM·. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .NNNMMMMMMMMMMMMMMMMMMMMMq-q-q-q-q-q-~q-
"N"MOO~O~...t"MO--<lNOO~NOJ~NO--<lMOm~MOOJ-..o~NOOM"N-<I...t-<lOnO-~OJMOJN"N..;)...t-OO~o~o-q-O-<;tOJMOMmO-O-OO...t...tNNNMM~~~~-.o-<l""COOJ~o-.O-OO...t"';NNM·. . . . . . . . . . . . . . . . . . . . . . . . . .
NNNMMMMMMMMMMMMMMMMMMMMMM<;t.~~~~.
N"MOJq-O-~...t"MO-~...t"~O"~O~<;t...tOJ-.oMOOO-.oM...tO-"OJN"...t-.oO~Oq-O-MOJM"N"...t-.o...t~O~O-~O-<;tOOMOJM"NOJO-O-OO...t"';NNNMM.<;t~~-.o-<l""COOOOOO-O-OO...t...tNNM
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •NNNMMMMMMMMMMMMMMMMMMMMMM •• ~ ••••
OJMOO.O-~O-<lNmq-O-<lMO--<lNo--.oMO".~OJ-<lM...tOJ-<I.N"N-<I"';~O~O-~OOMOJN"...t-<l"';~O~O~O-~OOMOJM"N"NOJO-O-OO"';-"';NNMM •• ~~-<I-.o""OO(DOJO-O-OO...t~NNM
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • •NNNMMMMMMMMMMMMMMMMMMMMMM •••••••
MOJ.O-~O-<lN"MO--<lNOJ.~OJ.~m~NO--'O • ...;OJ-'O.~O-""...t-<lO~O.O-MOJN"N-<I~-<lO~O.O-.OJMOOM"N"N-<I...tOJO-O-OO...t...t...tNNMM •• ~~-'O-<l"""OJOJO-O-OO...t~NNM• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ••NNNMMMMMMMMMMMMMMMMMMMMMM •••••••
~.O-.O~...t"MO-~""MO~MO~MO~."~~ • ...tO-~~N-'O-~O~O-.OJM"N~...t-<l~~O~O-.O-MOJM"N"N-'O...;-<I...tOJO-O-OOO~...tNNMM.·~~-'O-<l-<l""OJOJO-O-OO...t~NNM• • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • ••NNNMM~MMMMMMMMMMMMMMMMMMM •••••••
• O-~O~...t"NOJ.O-<lMO-~NOJ~Nm~NO" • ...tO--<l~NOOJ-<lO~O.O-MOJN"N-<I...t~O~O-.O-MmMmN"N-<I...t-<l...;-<lOmO-O-OOO...;...tNNMM·<;t~~~-'O-.o""mmO-O-OO...;...;NNM
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •NNNMMMMMMMMMMMMMMMMMMMMMM •••••••
O~O~...;~NOJ.O-<lNm.~".O~.~m~NO-"~NO-"~M~O~O-~OJM"N"...t-.oo~o.~.mMmN"N~...;-'O...;~O~Om~~~OO...t...tNNMM··~~~-'O-<l""mmO-O-OO...t...tNNM·.. . . . . .. . . . . . ... ... . . . . . . . .. . ..
NNNNMMMMMMMMMMMMMMMMMMMMM •••••• ~
00000000000000000000000000000000
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •m~O...tNM.~-.o~OJ~O~NM.~~~m~O~NM.n~"oo~~~~~~~~~~~~~mmmmoooom~~m~~~~~~~~~~
100
This was as follows I
opump swi tched ON when approximately T - T :;;·2C and
co so
pump swi tched OFF when approximately T - T .?loC.co so >'
4.8 The Pump
A variable speed centrifugal pump ensures forced circula-
tion of the water through the heater. It is a Comroodor Bronze
type, and is manufactured by Sealed Motor Construction Company
Limited. The pump is controlled by the differential tempera-
ture controller.
4.9 Flow rate measurements
A turbine flowmeter was fitted in the heater circuit. It
is a Q-flo turbine flowmeter part number QE6/J and is manufac-
tured by Quadrina Limi ted. It is an instrument for accurately
measuring liquid flows in pipes and produces pulse output inform-
ation directly proportional to volumetric fluid flow. the rota-
tlon being sensed by the pickup unit producing pulse output
information. This pulse output is transferred to a Quadrina QD
instrument. This is specifically designed for use in turbine
flow metering application where accurate flow rate measurements
are required.
4.10 The Filter
A general purpose filter type WF-lOl-S-OOS, supplied with
5 micrometre polypropylene cartridge fitted wi th transparent
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bowel was employed. It i. manufactured by IMIMouldings
Limited. The filter was used in the system for sediment
removal before the turbine flow meter, since the turbine
rotation could be effected by any sediment on it.
4.11 The Data recordi ns uni t
The data recording unit consists of a data logger, a
eli gital vol tlDeter and a tape punch.
a) The data 10gger
The data logger is a modular versatile, data acquisition
and recording system. It could be used with any digital volt-
meter. Data are transferred from an input interface via one or
two output driver modules to data recording devices "Fact t 4070
Tape Puncb". 1t is manufactured by Solartron Electronic Group
Limited.
b) The Digital Voltmeter
The Solartron A212Digi tal Voltmeter gives an accurate and
sensitive range of wltages. It is also manufactured by
Solartron Electronic Gl'OUPLimi.ted.
c) The Faci t 4070 Tape Punch
The Facit 4070 is a compact, quiet running tape punch
operating at speeds up to 75 characters per second. It punches
all types of standard tape. It is well suited for all kinds of
data recording application.
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CHAPTER 5. SIDRAGE OF THERMAL E~ERGY
5.1 Introduction
Whi Le considerable work has been done on the measurement
of thermal characteristics of solar panels, comparatively little
has been published on thermal storage designs, particularly
those depending upon the thermal capaci ty of water to store
sensible heat.
The function of an energy storage system is to hold some
or all of the solar energy collected during sunny periods for
use at night or during subsequent cloudy days. Therefore
effective utilization of solar energy will be greatly aided
by the development of efficient energy storage systems.
Storage systems may be considered in three parts:
(1) The choice of storage medium
(ii) The determination of the storage capacity
(iii) The storage container design.
Each of these sections will be considered in this chapter.
5.2 The storage medium
Materials available for storage of thermal energy are
water and crushed solids which store the energy as sensible
heat, and certain chemicals which under@p a change of phase
permitting storage of energy as latent heat (heat of fusion).
4:>Table 46 was presented by Telkes and compares thermal
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storage data and sbovs the weight and volume of rock-like
solids, water and heat of fusion materi als for stori ng
of 1 GJ.
Table 46: Thermal Storage of 1 GJ
Rock Water Heat of fusionmaterials
Specific heat, KJ/KgOC 0.837 4.187 2.09
Heat 0 f fusion, KJ/Kg - - 232.6
3 2242 1000 1602Densi ty, Kg/m
Storage of 1 GJ, weight, 59737 11941 3644Kg
Relative weight 16.4 3.27 1
3 26.6 11.941 2.274Volume, m
Relative volume 11.69 5.25 1
I
A comparison of water and rocks from table 46 from which
the superiori ty of water is clearly shown.
A comparison of water and heat of fusion materials were
46studied by Joy and Shelpuk J they concluded that water thermal
storage is chea~er than phase change and phase change-water
slurries, in addition they pointed out that further study and
development work with phase change materials should focus on
the solar air conditioning where the technical advantages of
phase change storage over water storage is greatest. However,
the choice of medium for energy storage depends on the nature
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of the process. For water heating, energy storage as sensible
heat of stored water is logical.
Ch u r c hliff47 has pointed out that IOOst of the solar llouses
presently in the United States utilize hot water storage. The
advantages of using hot water storage has been summarized by
48Szegp • These advantages area
1. Water is the most available storage material, it is also
the least expensive.
2. Water is a substance for which we have the greatest amount
of technical, physical, chemical and thermdynamic data.
3. Water is one of the few thermal storage materials which
can be used as both the collector transfer and the load
transfer medium at the same time.
4. Water has the highest specific heat of any common substance
and of any generally usable fluid.
S. Its vapour-liquid equilibrium temperature/pressure rela-
tionship is appropriate for attainable oonfocusing solar
collector performance characteristics.
6. Water has relatively excellent heat transfer and fluid
dynamic characteristics - especially viscosity, thermal
conductivity, density, and coefficient of thermal expan-
sion which enhance natural convection.
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7. Water is transparent and admits to easy level identifica-
tion and flow instrumentation.
8. Water is rontoxic, and is not flanunable.
9. Water-based ooruosion inhibitor art is very advanced and
there is an experienced background of many decades in this
area.
The above are 00 t the only advantages of water but these
were the principle ones. However, there are some disadvantages
of using hot water storage systems. These disadvantages are:
1. Water is a medium for electuolytic corrosion.
2. Water freezes in climates where solar heating is most
desirable, and furthermore, it expands on freezing.
leadi ng to possi ble damage.
3. It can be a solvent for gases, especially oxygen, which
can be the cause of corrosion.
Although t~ere are some disadvantages, it can be seen that
water is a superior storage medium for solar water heating systems,
than other mediums previously mentioned.
5.3 The Storage Container Designs
The designs49 were based on the following principles.
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a) Capacity
Optimum storage capaci ty in solar water heating systems
has been the subject of much research. Some of the more
notahle publications and their results are summarized in
table 47. Within the ranges of storage capacities suggested
by the authors (24, 13, 50, 30, 12, 3, 2, 51), it was diff-
cult to decide upon an "optimum" for this work. 100 kg/m2
collector area was adopted for storage containers tested,
mainly because Buckles, Klein and DuffieSl were able to
show that this basis of sizing gave a greater efficiency
than a system sized at 75 kg/m2• Additionally, it would
be sufficient to cover at least 2 or 3 days usage. This
is based on 45 kg per person per day as recommended by
Whittle and Warren. 52





Jesch and Soldatos 50 45
Lof and Tybout3O 50-75
Carter 12 208
3 125Sharp and Loehrke
2Duffie and Beckman SO-lOO
Buckles, Klein and DuffieSl 100
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b) Conn guration
Klein53 and Lavan and Thompsonll have pointed out that a
cylindrical storage tank is the best configuration. The
shape promotes thermal stratification and because of its
lower surface area offers greater resistance to heat loss
than its rectangular counterpart for a given level of
insulation.
c) Heat Exchanger
Consideration was given to the use of a heat exchanger in
the storage container but the disadvantages significantly
outweigh the advantages. Duffie and Beckman2 and Davis
and Bartera4 have shown that for every degree celSius
temperature drop across the exchanger the collection
efficiency reduces by 1-24.
Bri nkworth13 has concluded that convection rm tions induced
by heat exchanger coils are often sufficient to prevent
stratification taking place to any significant extent.
Heat exchangers will also add significantly to the capital
costs of solar storage systems.
If maximum stratification is the gpal, it would appear
that a heat exchanger can be a positive disadvantage, and
one was not employed in this wol.'k.
d) Inlet/Outlet Arrangements
The store take-off point for the transportation fluid has
been shown by Whillier54 to be very important. The heat
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transportation fluid enters the collector at the same
temperature that it leaves the store, and for maximum
collection efficiency this fluid should be at the lowest
possible temperature. Wherever possible the transporta-
tion fluid should leave the store at its lowest point.
Provision was not made to change the point of entry of
the transportation flui d, to the store, wi th changes in
temperature, and the entry was located at the top of the
11Lavan and Thompson reached similar conclusionsstore.
wi th their studies on small-scale model storage containers.
e) Variation of length-to-diameter ratio (LID)
Having detennined the capacity and configuration of storage
containers, the next step was to vary length-to-diameter
ratio (LID). These were as follows.





3w1ume = 0.5 m
x 3x = 0.5 x = 0.596 m
· . o = 596 mm and L = 1788 mm
2) TYPE II Storage Container
LID = 1.4, volume = 0.5 m3
•• • Jrx
2
~ x 4x = 0.5 x = 0.542 m
.
• • D = 542 mm and L = 2168 mm
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3) TYPE III Storage Container
1
_3L D = 115, volume - 0.5 m
• • n-x2-4- x 5x = 0.5
. . D = 503 ram and L = 2515 _
Three copper cylindrical storage containers were manu-
factured having LID equal to 3/1, 4/1 and 5/1 respectively.
Storage containers having length to diameter equal to 3/1
were designated as TYPEI, 4/1 as· tYPE II, and 5/1 a8
TYPE III.
The bottom of the storage containers were fixed and the
tops were movable. These containers were employed to
study the effect of length-to-diameter ratio on strati-
fication.
5.4 Storage Tank Losses
The amount of energy lost by the storage uni t to its




Us = the heat transfer coefficient of the storage unit
A = the surface area of the storage uni ts
T = the air temperature surrounding the storage unita
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TCt) = average water temperature in the storage unit.
The nwnerical value of U depends on the thickness of thes
insulation surrounding the storage tank. As is related to the
storage volume CV) by the equation
A = K(V)2/3
s S.2
where K is a constant which depends on the shape of the storage
tank.
Hhen the tank is cylindrical, K is given by the equation
5.3
where (hId) is the ratio of the height of the cylinder to the
diameter of the cylinder.
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CHAPTER 6. EXPERIMENTAL PROCEDURE AND RESULTS
6.1 INTRODUCTION
The experimental programme was divided into three sections:
(i) A study of the effects of each of three flow rates (0.01
kg/5m2, 0.015 kg/sm2, 0.02 kg/sm2 of Collector area).
(ii) An investigation into the effect of 1ength-to-diameter
ratio (LID) on stratification. Three storage containers
were employed having a length-to-diameter ratios 3/1, 4/1
and 5/1 respectively. Storage containers having length-
to-diameter ratios equal to 3/1 were designated as TYPE I,
4/1 as TYPE II, and 5/1 as TYPE III.
(iii)An assessment of the long term system performance for the
storage containers.
Each of these three sections is discussed separately and
the results are presented in a variety of ways. A discussion of
the results for each section is also included.
6.2 Flow rate tests
The general testing arrangement is shown in Figure 21,
and in Plate 6.
The simulator43 is intended to be representative of the
long term energy delivery averaged over most cloud conditions
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PLATE 6 The general testing arrangement.
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and incident angles. Tests were ficst conducted on the cylindri-
cal water filled storage oontai ner of L/D equal to 3/1 and
capaci ty of SOD kg, designated as TYPE I storage container.
The storage contai ner had a uni form layer of insulation
(U = 1.65 kJ/hr m2 °C).
Useful energy profiles for 15 March, 15 June, and 15
December were simulated for each 0f three mass flow rates
(0.01 kg/5m2 (Tables 26, 29, 2 (Tables 27, 30,32), 0.015 kg/sm
33), and 0.02 kg/sm 2 (Tables 28, 31, 34» and temperatures
throughout the store were monitored at hourly intervals. No
draw-off waS superimposed.
Twenty-eight calibrated thermocouples (copper-constantan)
on the central axis of the store were used for temperature
measurement in conjunction with a central data-logger. Data
were stored on punched tape for later analysis. The pump swi tched
on at a differential approximately ~ 2°C and switched off at a
differential approximately~ IOC according to British Standard40•
An example of a simulator control program is given in
Appendix 3.
The arrangement of thermocouples in the TYPE I storage tank
is shown in Figure 22, and the distance of each thermocouple from
the bottom of the storage container is given in Table 48.
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TABLE48. Thermocouples location in the TYPEI storage container
Thermocouples Distance from the bottom






























6.2.1 Interpretation of temperature measurements
It was difficult to decide how the temperature data of the
storage container~ to be interpreted. 10 12 55Several authors ' ,
have used single temperature readings at different positions to
demonstrate the temperature histories of the storage container.
It was decided to use an average value around groups of therrno-
couples to demonstrate the temperature histories of the storage
container. In order to relate these results with the existing
mathematical models of Duffie and Beckman2 and Close44, it was
necessary to define segments within the storage container because
the energy balance around each segment is taken as a basis for
the analysis in their mathematical models. It transpired,
however, that during the course of this series of tests, the
temperatures around groups of chosen thermocouples on the probe
Figure 22 produced similar results. A closer examination of
this phenomenon revealed that the tank was behaving as a three-
segment tank, producing three regions within which the water
temperature w~s relatively constant. To exemplify this feature,
the author has chosen to illustrate the December profile at times
11.30 hours and 13.30 hours; Table 49 shows the results from each
•thermocouple at these specified times. An inspection of this
table demonstrates that thermocouple numbers 27 to 8 give a
relatively constant temperature (average value = 14.94 °c and
standard deviation = 0.85 °c at 11.30 hours; at 13.30 hours the
average value = 15.74 °c and standard devia~ion = 0.38 °C). The
temperature then differed slightly more around thermocouple
number 8 and a second segment was defined by thermocouples 8 to
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2 (average value = 11.48 °c and standard deviation = 0.60 °c
at 11.30 hoursJ at 13.30 hours the average value = 12.88 °c
and standard deviation 1.32oC). The temperature again differed
slightly around thermocouple number 2 and a third segment was
defined by thermocouples 2 to 1 (average value = 10.65 °c and
standard deviation = 0.13 °c at 11.30 hours) at 13.30 hours
the average value = 10.85 °c and standard deviation = 0.3 °C).
The Umi t at wtdch temperatures around groups of thermo-
couples have been adopted for averaging purposes in relation to
the height of the storage container are illustrated in each of
the figures which follow (Figures 23-31).
6.2.1.1 Repeatabi Ii ty
The repeatability of the temperature histories within
the storage containers under test was demonstrated through
3 tests on the TYPE III storage container for the March pro-
file (Table 26). Similar starting conditions were arranged
for each test and the results demonstrated that the tempera-
ture histories were reproducable and constant within"t 0.5 °c
at each hourly interval throughout the entire series of tests.
On this basis it was decided to accept all other test results
on a one-off basis.
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TABLE 49 Results from each thenoocouple for TYPE 1 storage container
Thermocouples reading at Thermocouples reading at
ThertOO- 11.30 hrs 13.30 hrs
couples
Number Read- Aver- Stan- Seg- Read- Aver- Stan- Seg-
ing age dard ment ing age dard ment
(oC) Value devi- num- (oe) Value devi.- num-
ation be't' ation ber


























1 10.56 10.65 0.13 3 10.64 10.85 0.3 3
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6.2.2 Results
The temperature histories of the TYPE I storage container
for each of the nine series of tests are shown in Figures 23-31.
6.2.3 Discussion
The general conclusions to be drawn ftom these tests area
1. The TYPE I storage container behaves as a three segment
tank.
2. Overall the lowesJ flow rate, 0.01 kg/Sm2, gives the better
series of results. In general terms, the greater the temp-
erature separation of the segments, the more stable they
become, and conversely, the nearer the temperatures are
to each other, the more the system moves towards a mixed
tank. The most stable case was 15 December ptofile
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6.3 Length to diameter ratio (L/D) tests
The general testing arrangement was as previously described
(Figure 21 and Plate 6).
Tests were conducted on three cylindrical water filled
storage containers (500 kg capacity), having length-to-diameter
ratios 3/1, 4/1 and 5/1 respectively. Storage containers having
length to diameter ratios equal to 3/1 were designated as TYPE I,
4/1 as TYPE II, and 5/1 as TYPE III. Useful energy profiles for
15 March, 15 June, and 15 December were simulated for each of the
three storage containers, and for the previously derived optimum
mas s flow rate = 0.01 kg/Sm2 (Tables 26, 29, 32). The tempera-
ture throughout each store was moni tored at hourly intervals.
The arrangement of thennocouples in TYPE I, TYPE II and TYPE
III tanks is shown in Figures 22, 32, 33 and the distance of
each thennocoup1e from the bottom of each storage container is
given in Tables 48, 50-51.
6.3.1 Interpretation of temperature measurements
The interpretation of temperature measurements were as
in Section 6.2.1.
Table 52 shows the results from each thermocouple for the
December profile for the TYPE II storage at times 11.30 hours
and 13.30 hours. An inspection of this table demonstrates that
thennocoup1e numbers 26 to 6 gi ve a relati ve1y constant temper-
ature (average value = 14.92 °c and standard deviation = 1.73 °c
at 11.30 hours; at 13.30 hours the average value = 16.71 °c and
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standard deviation = 0.66 °C). The temperature then differed
slightly more around thermocouple number 6 and a second segment
was defined by thermocouples 6 to 2 (average value = 11.64 °c
oand standard deviation = 0.83 C at 11.30 hours; at 13.30
hours the average value = 12.45 °c and standard deviation
= 1.2 °C).
Table 53 shows the results from each thermocouple for the
December profile for the TYPE III storage at times 11.30 hours
and 13.30 hours. An inspection of this table demonstrates that
thermocouple numbers 28 to 6 give a relatively constant temper-
ature (average value = 18.43 °c and standard deviation = 0.9 °c
at 11.30 hours; at 13.30 hours the average value = 19.29 °c
and standard deviation = 0.45 °C). The temperature then
differed slightly more around thermocouple number 6 and a
second segment is defined by thermocouples 6 to 2 (average
value = 16.86 °c and standard deviation = 0.06 °c at 11.30
hours; oat 13.30 hours the average value = 17.29 C and standard
deviation = 0.38 °c at 13.30 hours).
The limit at which temperatures around groups of thermo-
couples have been adopted for averaging purposes in relation to
the height of the storage container are illustrated in each of
the figures which follow (figures 34-36 for Type II storage)






















































TABLE50. Thenoocoup1es location in the TYPEII storage
container
Thenoocouples Distance from the bottom





























TABLE 51. Thermocouples location in the TYPE III storage
container
Thermocouple Distance from the bottom































TABLE 52 Results from each theDllOcouple for TYPE II storage container
Thermocouples reading at Thermocouples reading at
Thermo- 11.30 hrs 13.30 hrs
couples
Number Read- Aver- Stan- Seg- Read- Aver- Stan- Seg-
ipg age dard ment ing age dard ment
(lC) Value devi- num- (lC) Value devi- num-
ation ber ation ber


























TABLE 53 Results from each thenoocouple for TYPE III storage container
Tbenoocouples reading at Thenoocoup1es reading at
Therm- 11.30 hrs 13.30 hrs
couples
Number Read- Aver- Stan- Seg- Read- Aver- Stan- Seg-
ing age dard ment ing age dard ment
(oe) Value devi- num- cOe) Value devi- num-
ation ber ation ber





























The temperature histories of each of the storage containers
TYPE I, TYPE II and TYPE III are shown in Figures 23-25, 34-36
and 37-39 for each of the three series of tests.
Figure 40 shows the results plotted as a histogram for the
three storage containers. It can be seen that heat collected
for TYPE I storage container is slightly greater than TYPE II
and TYPE III for each of the three series of tests.
Tables 54-56 show the starting temperature and the final
temperature for each node of the three storage containers as
well as heat oollected in each one for each of the three series
of tests. Heat oollected was based on the standard formula
Q = m x C x toT KJ
P
where,
m = mass of water kg
C = speci fic heat of water KJ /kgOC
p
6T = temperatu re difference 0C •
Temperature oorrecting variables were also taken into
account, i.e. m and Cp vary with temperature.
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TABLE 54. Heat collected for TYPE I storage container for
15 March, 15 June, and 15 December
15 MARCH
Starting Final Temperature Heat CollectedNode Temperature Temperature difference(oe) (oe) (~T,oe) (KJ)
1 11.8 24.75 12.95 11606.2
2 11.33 23.1 11.77 9957.1
3 11.32 21.6 10.28 3574.1
Total = 25137.4
15 JUNE
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oe) (oe) ((IT,oe) (KJ)
1 9.5 33.5 24 21405.8
2 9.3 33 23.7 19952.9
3 9.3 31.6 22.3 7719.8
Total = 49078.5
15 DECEMBER
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(OC) (oe) (nT,oe) (KJ)
1 12.13 16.62 4.49 4035.6
2 10.95 15.46 4.51 3826.3
3 10.87 12.4 1.53 533.3
Total = 8395.2
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TABLE55. Heat collected for TYPE II storage container for
15 March, 15 June and 15 December
IS MARCH
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oC) (OC) ~T,oC) (KJ)
1 14.98 25.84 10.85 12998.5
2 13.81 24.07 10.26 9197.3
Total = 22195.8
IS JUNE
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(OC) (oC) (4T,oe) (KJ)
1 12.23 35.71 23.48 27988.0




Final Temperature Heat CollectedTemperatu re Temperature difference
(OC) (oe) (AT,oC) (KJ)
1 12.9 17.23 4.33 5201.2
2 12.02 14.06 2.04 1833.5
Total = 7034.7
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TABLE56. Heat collected for TYPEIII storage container for
15 March, 15 June, and 15 December
15 MARCH
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oC) (oc) <AT,oC) (KJ)
1 15.24 26.57 11.33 15800.8
2 14.43 26.3 11.87 8301.8
Total = 24102.6
15 JUNE
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oe) (OC) (4T,oC) (KJ)
1 18.02 39.6 21.58 29972.0
2 15.3 39.0 23.7 16495.7
Total = 46467.7
15 DECEMBER
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oe) (OC) (AT,oC) (KJ)
1 17.63 20.64 3.01 4209.8




The general conclusions to be drawn from these tests
area
1. TYFEI storage container behaves as a three-segment tank
(see Section 6.2.2).
2. TYPEII storage container behaves as a tw-segment tank
with a thermocline occupying approximately half of the
height of the storage container.
3. TYPEIII storage container behaves as a tw-segment tank
with a thermocline occupying tw thirds of the height of
the storage container.
4. TYPEI storage container with a LID equal to 3/1, gave
the best result in terms of heat collected, and also had
the maximumstratification which was the main gpal of
this part of the study.
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6.4 Long term system performance tests
Having concluded that the TYPE I storage container wi th
a LID equal to 3/1 gave the best result in terms of heat
collected, and also had the maximum stratification which was
the main @Pal of this study, the next stage was to determine
the 10ng term system performance (see Chapter 4).
The general testing arrangement was as previously described
(Figure 21 and ?late 6 ).
Useful energy profiles for 15 January, 15 February, 15
March, 15 April, 15 May, 15 June, 15 July, 15 August, 15
September, 15 October, 15 November and 15 December for mass
2flow rate = 0.01 kg/Sm (Tables 35, 36, 26, 37, 38, 29, 39-
43, 32) and temperatures thmughout the store were mom tored
at hourly intervals.
6.4.1 Results
the temperature histories of TYPE I storage container for
each of the twelve series of tests are shown in Figures 23-25 and
41-49. Tables 54, 57-59 show the starting temperature and the
final temperature for the twelve series of tests as well as heat
collected.
Table 60 shows a summary of the monthly averaged dai ly
perlonnance.
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TABLE57. Heat collected for TYPEI storage container for
15 JaIUlary, 15 February, and 15 April
15 JANUARY
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(OC) (oC) (4TloC) (KJ)
1 12.60 17 .4 4.8 4314.2
2 11. 70 16.6 4.9 4157.2
3 11.56 13.7 2.14 746.0
Total = 9217.4
15 FEBRUARY
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oC) (oC) ~T,oC) (KJ)
1 10.67 16.62 5.95 5347.7
2 10.46 15.93 5.47 4640.6
3 10.24 12.21 1.97 686.7
Total = 10675.0
15 APRIL
Node Starting Final Temperature Heat CollectedTemperature Tenp!!rature difference
(OC) (Oe) ~ T,oe) (KJ)
1 10.85 23.14 12.29 11014.7
2 9.19 22.56 13.37 11283.7
3 9.19 19.99 10.80 3754.9
Total = 26053.3
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TABLE 58. Heat collected for TYPE I storage container for
15 May, 15 July and 15 August
15 MAY
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oe) (Oe) (AT,oe) (KJ)
1 8.90 27.63 18.73 16731.2
2 8.76 27.00 18.24 15379.9
3 8.74 25.34 16.60 5760.2
Total = 37871.3
15 JULY
Node Starting Final Temperature Heat CollectedTanperature Temperature difference (KJ)(Oe) (oe) caT,oe)
1 9.33 29.40 20.07 17921.2
2 9.31 29.40 20.09 16933.2
3 9.30 27.48 18.18 6298.7
Total = 41153.1
15 AUGUST
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(OC) (oC) (~T,oC) (KJ)
1 9.12 26.98 17.86 15954.1
2 8.54 26.92 18.38 15497.9
3 8.53 24.13 15.6 5414.8
Total = 36866.8
1.62
TABLE 59. Heat collected for TYPE I storage container for
15 September, 15 October, and 15 November
15 SEPTEMBER
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
COe) (Oe) ( T ,oe) (KJ)
1 10.68 28.00 17.32 15495.6
2 10.19 27.68 17.49 14770.3
3 10.18 25.03 14.85 5154.5
Total = 35420.4
15 OCTOBER
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(Oe) (Oe) ( T,oe) (KJ)
1 12.27 24.3 12.03 10781.6
2 11.95 23.3 11.35 9601.8
3 11.80 21.0 9.20 3199.1
Total = 23582.5
15 NOVEMBER
Node Starting Final Temperature Heat CollectedTemperature Temperature difference
(oc) (oc) ( T,oC) (KJ)
1 12.99 17.56 4.57 4107.5
2 12.14 16.60 4.46 3783.9
3 11.94 13.SO 1.56 543.8
Total = 8435.2
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TABLE60. Summaryof the mnthly averaged daily perfomance
for TYPEI storage container
Incident
Mid Month day Energy for Heat Collected
5 m2 collector
(KJ) (KJ)
I 15 January 20700.5 9217.4
! 15 February 31956.0 10675.0
115 March 49717.5 25137.4
, 15 April 58631.5 26053.3
I
; 15 May 74597.5 37871.3
15 June 81136.0 49078.5
15 July 72700.5 41153.1
15 August 64137.0 36866.8
15 September 60025.0 35420.4
15 October 42273.0 23582.5
15 November 25818.0 8435.2
15 December 16908.0 8395.2
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TABLE61. Monthly long tenn system performance for TYPEI
storage container
Month Inciden! Energy Heat Collected
















long tenn system efficiency (f) = 9517456.7 52%18235137 =
165
6.4.2 Discussion
1. It can be seen from table 61 that the maxinumheat
collected is in June and the minimumis in December, and
these correspond to the maximumand minimumradiation income
on the collector surface (section 2.7).
2. Monthly long term average performance of the system
for TYPEI storage has been determined, wi th long term
system efficiency of 52%.
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CHAPTER 7 mE COMPUTER MODEL OF 1lIE STRATIFIED S'IDRAGE CONTAINER
7.1 INTRODUCTION
Having concluded that the TYPE I storage oontai ner gave the
best result in terms of heat collected with the maximum stratifi-
cation, which was the main @Pal of this study, the next stage was
to compare some of the experimental results wi th the theoretical
predictions. The theoretical predictions were based on the two
mathematical models of Duffie and Beckman2 and Close 44. In this
chapter both models are compared using the hourly measured temper-
ature as the initial condition.
7.2 The stratified storage mathematical model
The basic heat and mass transfer relations gpverning a
storage container, subject to thermal stratification, are
complicated. Two mathematical models exist, by Duffie and
Beckman2 and Close44J the basic form of each model is given
below, and the romenclature may be found in Appendix 4.
1. Duffie and Beckman mathematical model
The differential equation for section i of an n-section
tank is
dTi [(mcp)i = (mc) Fic(T - T ) + (T. 1
d1;' p c c ,0 i 1-
+ (mcplL ~(TL.r - Ti' + (Ti+1 - Ti' ~
j=i+l ~J
+ U. A. (T - T
1
.)
1. 1. a (7.1)
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where
FC = Collector control functioni
{ if T.+l> T ? T.1 c,o 1FC =i
otherwise
~ = load control function
1
\:




For more details about the model see Duffie and BeCkman2•
2. Close's mathematical model
For a three-segment storage tank three differential equa-
tions can be written describing the transient behaviour of each.
The top segment equation is
dTs.l
R1R2mc lTc(me) 1 dV = - T 1p s. '" s.l
R5\ lTs•1 - T 1s.2
UA [T - TA Js.l s.l (7.2)
The middle segment equation is
dT 2
(me) 2 s. =
p s. d 'C RIR)lhC [Tc - Ts•21 +
R1R2Ihc [Ts•1 - Ts.~ -
168
(7.3)
The bottom segment equation is
R._ R-lh rT - T J---rz c L s,2 s. 3
Rs"1. eS•3 - TR 1 -
UAS•3 ~S.3 - TAl (7.4)
Close's model incorporates three hypothetical values, or
control functions, that either open or close, depending on the
collector return tenperatures and the bottom of the storage tank
temperatures. These control functions are operated as in Table
62.•
TABLE62 Operation of valves GOverning flow into storage tank
Tenperature Comparison R2 R3 R4
Tc 4 TS•1 1 0 0
T '>Tc ~Ts.2 0 1 0s.l
TS•2 7 Tc»TS•3 0 0 1
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For more details about the model see Close44•
7.3 The computation procedure for the strati fied storage container
model
The computation procedure is shown in Figures SO and 51
which illustrate the flow charts for the stratified storage
container models, based on the mathematical model of Duffie
2 44and Beckman , and Close •
7.4 Results
Tables 63-65 show comparison of measured and predicted
(Duffie and Beckman) TYPE I storage temperature, no draw off,
flow rate = 0.01 kg/Sm2 for 15 March, 15 June and 15 December.
Tables 66-68 show comparison of measured and predicted
(Close) TYPE I storage temperature, no draw off, flow rate =
0.01 kg/Sm2 for 15 March, 15 June and 15 December.
Figures 52-54 compare the measured and predicted TYPE I
storage temperature for 15 t-1arch,15 June and 15 December using
Duffie and Beckman2 mathematical model.
Figures 55-57 compare the measured and predicted TYPE 1
storage temperature for 15 March, 15 June and 15 December using
Close44 mathematical model.
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Read Number of equation N
Read Tolerance
Read Dimension parameters me (I). A(I)
P
Read Dimension Initial condition T(1)
Read parameters ~. 'c' U











Call subtoutine to solve differential equations
Write T1(0), T2(0), 1'3(0)
T1(1), T/1), T3(1)
time ~(o). ~(1), Tolerance
Figure 50
Flow chart for the strati fied storage container roode1
based on the mathematical nodel of Duffie and Beckman.
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Read Numberof equation N :: '3
Read Ini tial Conditions T51 (0), T 2(0), T '3(0)
Read To 1erance 5 5
Read parameters mc l,me 2,me 3" ,dL ,UA ,UA ,UAP P P cOL. 123
Read data Tc' TA, tR
Set col lector cont.rol function
Rl ::1
Set load control
function RS = 1
YES
Set load aontrol









Call subroutine to solve diffe-cential equations




time 9(0), &(1) J Tolerance
Figure 51
Flow chart for the stratified storage container
model based on the mathematical model of Close
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TABLE 63 15 Mat'chl Comparison of measured and predicted (Duffie
and Beckman) TYPE I storage temperature, no draw off. flow
rate = 0.01 kg/Sm2
Measured temperature Predicted Temperature
TiJlle cOC) (oC)
Hours
Node 1 tbde 2 Node 3 Node 1 Node 2 Node 3
7-8 11.80 11.33 11.32 11.80 11.33 11.32
8-9 12.00 11.30 11.25 11.82 11.35 11.32
9-10 13.90 U.50 11.45 12.02 11.32 11.25
10-11 16.40 12.85 11.50 13.92 11.53 11.45
11-12 17.20 16.10 12.60 16.40 12.87 11.50
12-13 18.50 17.00 16.20 17.20 16.11 12.60
13-14 21.00 19.40 17.20 18.50 17.00 16.20
14-15 22.30 21.20 19.80 20.99 19.40 17.20
15-16 24.10 22.10 21.17 22.28 21.88 19.80
16-17 24.50 22.90 21.30 24.08 22.08 21.17
17-18 24.70 23.10 21.60 24.48 22.88 21.30
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TABLE 64 15 Junes Comparison of measured and predicted (Duffie and
Beckman) TYPE I storage temperature, IX) draw off, flow rate
2= 0.01 kg/Sm
Measured Temperature Predicted Temperature
Time (oC) (oC)
Hours Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
5-6 9.50 9.30 9.30 9.50 9.30 9.30
6-7 9.80 9.20 9.30 9.53 9.30 9.30
7-8 11.50 8.60 8.60 9.82 9.22 9.30
8-9 14.50 10.15 8.55 11.50 8.62 8.60
9-10 16.70 13.76 9.20 14.50 10.20 8.55
10-11 19.30 16.00 13.60 16.68 13.76 9.20
11-12 23.40 18.40 15.SO 19.27 15.98 13.60
12-13 25.90 22.60 18.10 23.39 18.40 15.50
13-14 28.10 25.60 22.10 25.85 22.56 18.10
14-15 31.10 27.70 25.40 28.00 25.55 22.10
15-16 32.50 30.95 27.75 31.03 27.6 25.40
16-17 32.80 32.47 30.45 32.40 30.87 27.75
17-18 33.50 32.98 31.75 32.73 32.40 30.45
18-19 33.50 33.00 31.60 33.40 32.90 31.75
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TABLE 6S 15 December' Comparison of measured and predicted
(Uuffie and Be~man) TYPE 1 storage temperature, no
draw off, flow rate = 0.01 kgJSm2
Measured Temperature Predicted Temperature
Time (oC) (oC)
Hours Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
8-9 12.13 10.95 10.87 12.13 10.95 10.87
9-10 12.34 10.95 10.83 12.14 10.90 10.80
10-11 13.53 10.98 10.56 12.36 10.97 10.80
11-12 14.94 11.48 10.65 13.54 11.00 10.56
12-13 15.71 12.84 10.81 14.90 11.50 10.65
13-14 15.74 12.88 10.85 15.72 12.80 10.80
14-15 16.12 14.42 11.38 15.70 12.90 10.80
15-16 16.62 15.46 12.40 16.13 14.40 11.40
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TABLE f» 15 MarchI Comparison of measured and predicted (Close)
TYPE I storage temperature, no draw off, flow rate =
0.01 kg/Sm2
Measured Temperature Predicted Temperature
Time (oC) C>C)
Hours Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
7-8 11.80 11.33 11.32 11.80 11.33 11.32
8-9 12.00 11.30 11.25 11.82 11.35 11.35
9-10 13.90 11.50 11.45 12.02 11.32 11.28
10-11 16.40 12.85 1l.50 13.92 11.53 11.49
11-12 17.20 16.10 12.60 16.40 12.87 11.50
12-13 18.50 17.00 16.20 17.20 16.11 12.63
13-14 21.00 19.40 17.20 18.50 17.01 16.21
14-15 22.30 21.20 19.80 20.99 19.40 17.21
15-16 24.10 22.10 21.17 22.30 21.10 19.80
16-17 24.50 22.90 I 21.30 24.07 22.08 21.14
!
17-18 24.70 23.10 i 21.60 24.50 22.90 21.30i
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TABLE 67 15 Junes Comparison of measured and predicted (Close)
TYPE I storage temperature, no draw off, flow rate =
0.01 kg/Sm2
Measured Temperature Predicted Temperature
Time (oC) c>C)
Hours Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
5-6 9.SO 9.30 9.30 9.50 9.30 9.30
6-7 9.80 9.20 9.30 9.53 9.33 9.34
7-8 11.50 8.60 8.60 9.80 9.20 9.30
8-9 14.SO 10.15 8.55 11.50 8.60 8.63
9-10 16.70 13.76 9.20 14.49 10.16 8.57
10-11 19.30 16.00 13.60 16.68 13.75 9.20
11-12 23.40 18.40 15.50 19.27 15.98 13.59
12-13 25.90 22.60 18.10 23.38 18.40 15.50
13-14 28.10 25.60 22.10 25.80 22.56 18.10
14-15 31.10 27.70 25.40 28.04 25.55 22.10
15-16 32.50 30.95 27.75 31.02 27.60 25.33
16-17 32.80 32.47 30.45 32.40 31.05 27.66
17-18 33.50 32.98 31.75 32.70 32.40 30.40
18-19 33.50 33.00 31.60 33.40 32.90 I 31.65i
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TABLE 68 15 Oecemberz Comparison of measured and predicted
(Close) TYPE I storage temperature, no draw off,
flow rate = 0.01 kg/Sm2
Measured Temperature Predicted Temperature
Time (oC) (oC)
Hours Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
8-9 12.13 10.95 10.87 12.13 10.95 10.87
9-10 12.34 10.95 10.83 12.15 10.97 10.90
10-11 13.53 10.98 10.56 12.36 10.97 10.86
11-12 14.94 11.48 10.65 13.54 11.00 10.60
12-13 15.71 12.84 10.81 14.95 11.50 10.69
13-14 15.74 12.88 10.85 15.72 12.86 10.85
14-15 16.12 14.42 11.38 15.75 12.90 10.93
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1. Both the measured and predicted temperature differences
for Duffie and Beckman, and Close for a given range of
conditions, have been examined as given in Tables 69-71.
2. Average temperature differences and standard deviations
have been shown in the tables overleaf.
3. The results demonstrate that both models give very similar
resul ts for the March and June profiles, al though for the
December profi Ie the resul ts from the Close model give
marginally the better results.
4. Overall, however. the author must conclude that the evidence
is inconclusive and it is not possible at this stage to say
which of the two models is best.
5. In conclusion, both models produce very similar resul ts
and each model underestimates the measured temperatures.
6. Differences which are not evident when drawn to a .mall
scale as in Figures 54 and 57 can be seen when drawn to a
larger scale as in Figures 58 and 59. These figures empha-
sise the measured and predicted temperatures for node 3 at
9.30 hours, 10.30 hours and 11.30 hours, for both Duffie
and Beckman, and Close. These however are small differences,
and are perhaps not significant in terms of long term
average performance of the system.
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TABLE 69 15 March: Comparison of temperature difference (measured
and predicted), Duffie and Beckman, and Close
Measured and predicted Measured and predicted
Time temperature difference, temperature difference,°c °c
Hours (Duffie and Beckman) (Close)
Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
7-8 0 0 0 0 0 0
8-9 0.18 -0.05 -0.07 0.18 -0.05 -0.10
9-10 1.88 0.18 0.20 1.88 0.18 0.17
10-11 2.48 1.32 0.05 2.48 1.32 0.01
11-12 0.80 3.23 1.10 0.80 3.23 1.10
12-13 1.30 0.89 3.60 1.30 0.89 3.57
13-14 2.50 2.4 1.00 2.50 2.39 0.99
14-15 1.31 1.80 2.60 1.31 1.80 2.59
15-16 1.82 0.22 1.31 1.80 1.00 1.37
16-17 0.42 0.82 0.13 0.43 0.82 0.16
11-18 0.22 0.22 0.30 0.20 0.20 0.30
{lTaverage 1.174 1.003 0.935 1.171 1.011 0.924
fiT(j 0.917 1.082 1.198 0.916 1.051 1.195
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TABLE 70 15 June, Comparison of temperature di. fference (measured
and predicted), Duffie and Beckman, and Close
Measured and predicted Measured and predicted
Time temperature difference, temperature difference,°c °c
Hours (Duffie and Beckman) (Close)
Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
5-6 0 0 0 0 0 0
6-7 0.27 -0.10 0 0.27 -0.13 -0.04
7-8 1.68 -0.62 -0.70 1.70 -0.60 -0.70
8-9 3.00 1.53 -0.05 3.00 1.55 -0.08
9-10 2.20 3.56 0.65 2.21 3.60 0.63
10-11 2.62 2.24 4.40 2.62 2.25 4.40
11-12 4.13 2.42 1.90 4.13 2.42 1.91
12-13 2.51 4.2 2.60 2.52 4.20 2.60
13-14 2.25 3.04 4.00 2.30 3.04 4.00
14-15 3.10 2.15 3.30 3.06 2.15 3.30
15-16 1.47 3.35 2.35 1.48 3.35 2.42
16-17 0.40 1.60 2.70 0.40 1.42 2.79
17-18 0.77 0.58 1.30 0.80 0.58 1.35
18-19 0.10 0.10 -0.15 0.10 0.10 -0.05
11 Taverage 1.750 1.718 1.593 1.756 1.709 1.609
~Td 1.291 1.534 1.677 1.289 1.540 1.682
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TABLE 71 15 December. Comparison of temperature difference
(measured and predicted), Duffie and Beckman, and
Close
Measured and predicted Measured and predicted
Time temperature difference, temperature difference,°c °c
Hours (Duffie and Beckman) (Close)
Node 1 Node 2 Node 3 Node 1 Node 2 Node 3
8-9 0 0 0 0 0 0
9-10 0.20 0.05 0.03 0.19 -0.02 -0.07
10-11 1.17 0.01 -0.24 1.17 0.01 -0.30
11-12 1.40 0.48 0.09 1.40 0.48 0.05
12-13 0.81 1.34 0.16 0.76 1.34 0.12
13-14 0.02 0.08 0.05 0.02 0.02 0
14-15 0.42 1.52 0.58 0.37 1.52 0.45
15-16 0.49 1.06 1.00 0.49 1.03 0.98
/.l Taverage 0.564 0.568 0.209 0.55 0.548 0.154
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OlAPTER8 The development of a computer system model to assist
in the design of solar water heating systems
8.1 INT~DUCnON
It is apparent that a computer system model can be a power-
ful tool to assi st in the design of solar water heating systems.
However, experience has smwn that the development of a computer
system model is a complex task.
The computer system model, wrl tten in Fortran, has been des-
igned specifically to assist in the deSign of solar water heating
systems on a digital computer. The concepts employed in the com-
puter system model are described in this chapter. The radiation
model, the collector model and the stratified storage container
model, which have been developed in Chapters 2, 3 and 7, to-
gether formthe basts of the mmputer system model for solar water
heating systens. Program ~lar ~ater !!_eating~ystem (SWHS) has
so far been used to silllJlate the performance of the system under-
tf)ing investigation by dealingwith each Of the Program components ind_
ividual1t.rtis capable of simulating alternative solar water heating
systems having similar mmponents.
8.2 The Solar Water heating system undergoing simulation
Any system may be defined as a set of components, intercon-
nected in such a fashion 80 as to accomplish a specified task. In
the case of the solar water heating system under investigation the
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components consist of a solar collector, an energy storage
unit, a pump and a differential controller. Because the system
consists of components, it is possible to simulate the performance
of the system as a whole by using the mathematical IOOdelsof each
of the system components. I t is important to realize that the
weather (i.e., solar radiation, ambient temperature, etc.) can
be thought of as outputs of specialized system components and
they can thus be treated in the same manner as any other component.
The simulation technique used in this chapter reduces the complexity
of system simulation because it essentially reduces a large problem
into a number of smaller problems, each of which can be more easily
solved independently. The entire problem of system simulation
reduces then to one of identifying all of the components and form-
ulating a general mathematical description of each.
8.3 I nformation flow in the computer system IOOdel
Once all the components of a system have been identi fied and
a mathematical description of each component has been formulated,
it is necessary to construct an information flow diagram of the
system. Figures 60, 61, 62 and 63 illustrate the information flow
diagram for the radiation model, the collector model, the strati-
fied storage IOOdeland the computer system model. The nomencla-
ture of the computer system model may be found in Appendix 5. An
information flow diagram is a schematic representation of the flow
of information into and out of each of the system components. In
the diagrams, each component is represented as a box. Each piece
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represented as an arrow directed into the box. It is necessary to
distinguish between several types of information flow which may
occur in the information flow diagrams. The most obvious distinc-
tion is between information flowing into and that flowing out of a
component. The set of information flowing out of a component,
represented by outwardly directed arrows, is defined to be the
output variable set for that component. For example the output
variable for the collector roodel as shown in Figure 61, are ~,
the rate of usefu I energy gain; r, the efficiency of the collector.
The infonnation flawing into a component can be of three types I
1. Those pieces of information flowing into a component, which
are output variables from any other component in the system,
constitute what is defined to be the input variable set for
the component. The input variables are those variables whose
values may vary during the simulation. For a transient system,
the input variables may vary with time. For example the input
variables for the collector model as shown in Figure 61,.......,/
represented by inwardly directed arrows are ( , the trans-
mittance considering absorption and reflection; Rr, the solar
radiation i ntensi ty; die' the collector mass flow rate; T. ,1n
the inlet fluid temperature, Ta' the ambient temperature;
ra' the transmi ttance considering only absorption.
2. Those pieces of information which can be considered to be
constant throughout the simulation and are of interest to the
component form the parameters of the component. For example,
the parameters for the collector model, as shown in Figure 61,
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represented by side directed arrows are W, the distance
between tube centres; ai' the ratio of the overall loss
ooefficient to the loss ooefficient from the i th oover to
the surrounding; hf ., the oonvection heat transfer co-,1
plate thickness; a~efficient between the fluid and the tube wall; ~ , thepthe reflectance of the transparent
K , the plate oonducti vi ty;
p
A , the collector area; c, the specific heat of fluid; N,c p
the number of oovers; .-:X" the absorptance of the absorber
covers for diffuse radiation;
plate; UL, the 00Hector overall loss ooeffi cient; o , theo
outside tube diameter; D., the inside tube diameter;
1
the bond oonductivity.
3. Finally, the variable "time" which is neither an input
variable nor a parameter, must be distinguished.
Output variables, Input variables, Parameters, and Time rep-
resent all of the types of information flow which may occur in the
information flow diagram of a system.
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CHAPTER 9 CONCLl1SIONS AND SUGGESTIONS FOR FUTURE WORK
9.1 Present Investigation
The present investigation has involved a substantial experi-
menta·1 progranune and the development of a computer system rodel
for the prediction of system performance and to assist in the
design of solar water heating systems.
9.1.1 Experimental Work
The experimental programme proceeded through several stages
with results being presented as detailed in Chapter 6. Several
conclusions may be drawn.
1. This work has demonstrated that it is possible to produce
reliable and repeatable results using a low cost simulator.
The design of the simulator was based on a relatively
inexpensive micro-computer linking into a mains power
regulator wi th an 8-bi t digi tal contro I system. r-teteor-
ological data was used to compute radiation income on any
inclined plane and the ou tput to the power regulator is
oontrolled by the oomputed instantaneous rate of energy
gain from the oollector system undergping simulation.
The simulator, or a modified version of it, oould be used
to simulate any solar water heating system , apart from the
storage oontainerJ it is particularly useful in estimating
long term system performance. Objective number 1 as
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detailed in the introduction has therefore been accomplished,
and was the subject of a paper which has been published 43.
2. Three domestic thermally stratified hot water storage con-
tainers were desi gned wi th the mai nob jec t 0f impro ving and
stabilizing thermal stratification of the stored water as a
means of improving the overall efficiency of solar water
heating systems. Testing of the three storage containers
was carried out under similar conditions and the results
showed that TYPE I storage container wi th a L/D equal to
3/1, behaves as a three-segment stratified system. TYPE II
storage container with a L/D equal to 4/1, behaves as a
two-segment stratified system with a thermocline occupying
approximately half of the height of the storage container.
TYPE III storage container wi th a L/D equal to 5/1, behaves
as a two-segment stratified system with a thermocline
occupying two thirds of the height of the storage container.
It was found that TYPE I storage container gave the best
result in terms of heat collected, and also had the maximum
stratification which is the gpal of this study. Therefore
the long term system performance for TYPE I storage container
was determined and the long term system efficiency was found
to be of 52%.
3. The effect of each of three flow rates (0.01 kg/sm2), 0.015
kg/Sm2, 0.02 kg/Sm2) on stratification was studied and it
was found that the flow rate of 0.01 kg/Sm2 of collector
area gave the better result. Objectives number 2, 3 as
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detailed in the introduction have therefore been accom-
plished, and were the subjects of two papers which are
going to be published in Sun at \M>rk in Britain.
4. It is interesting to note that the general result of an
LID equal to 311 giving the better performance was within
the range predicted by Lavan and Thompsonllwho suggest an
LID of between 3:1 and 411. These nearly similar results
suggest that simple scale models may have further useful
applications in solar storage work where the aim is to
produce general trends concerning phenomena rather than de-
tailed thermal behaviour as in this thesis.
9.1.2 Theoretical Work
A comparison has been made between some of the experimental
and theoretical results for the TYPE I storage container using
the two mathematical models of Duffie and BeCkman2, and C1ose44•
Both models gave similar results, although both models under-
estimate the measured temperatures. Whilst the underestimate
ois on average less than 2 C, further work should be conducted
to attempt to improve the accuracy of the IOOdel prediction. One
area for further development oould be the geometry of the storage
container, and in particular the effect of length-to-diameter
ratio on stratification. In addition the basis of their
division of the tank into segments should be studied further
(see 6.2.1). Duffie and Beckman2, and Close44 mathematical
models are based on volume only, the shape of a container
2()l
surrounding this volume has not been considered. Therefore,
if Duffie and Beckman2, and Close44 considered the geometrical
shape of their volume container their theoretical prediction
could possibly be closer to the experimental ones.
A computer system model has also been developed to assist
in the design of solar water heating systems.
Objective number 4 as detailed in the introduction has
therefore been accompli shed, and wi11 form the subject of an
addi tional publication.
9.2 Suggestions for future work
1. The l.'Ork so far has been carried out without taking into
account draw-off profi Le, The future work should be
di rected toward the effect of draw-off on strati fication
and how draw-off would disturb strati fication in the solar
storage container. This study is required and worthwhile.
2. Study of the best draw off profile which maximises the
heat collected from the storage container.
3. Study of methods which prevent kinetic disturbance of
thermocline during fluid exchange such as diffuser designs,
baffles, di stri butor and di strt bution marnfo Ld,
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Al 10 minute stepping interval based on the hourly
profiles which has been generated in chapter 3.
A2 Details of the calibration.
A3 Example of a simulator contro 1 program.
A4 The nomenclature of the mathematical models of
Duffie and Beckman, and Close.
AS The nomenclature of the information flow diagram
for the computer system roodel.
*A6 A low-cost simulator for studying the performance
of solar energy storage containers.





TABLE 26. 15 Narch: useful energy and logic levels for mass flow
rate = 0.01 kg/5m2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime ful ener~y ful energy for to provi de the Logic level
(KJ/m ) 5 m
2 collector equivalent heat-
(KJ) ing effect (to
6.30 0 0 0
6.40 10 50 13.9
6.50 21 105 29.2
7.00 34 170 47.2
7.10 48 240 66.7 17
7.20 64 320 88.9 20
7.30 83 415 115.3 24
7.40 112 560 155.6 29
7.50 156 780 216.7 36
8.00 216 1080 300.0 45
8.10 272 1360 377.8 53
8.20 334 1670 463.9 61
8.30 392 1960 544.4 67
8.40 436 2180 605.4 72
8.50 488 2440 677 .8 78
9.00 534 2670 741.7 83
9.10 580 2900 805.6 88
9.20 630 3150 875.0 93
9.30 675 3375 937.5 98
9.40 718 3590 997.2 102
9.50 753 3765 1045.8 106
10.00 787 3935 1093.1 109
10.10 812 4060 1127.8 III
10.20 838 4190 1163.9 114
10.30 860 4300 1194.4 116
10.40 878 4390 1219.4 118
10.50 892 4460 1238.9 119
Al.1
11.00 904 4520 1255.6 120
11.10 914 4570 1269.4 121
11.20 921 4605 I 1279.2 122
11.30 926 4630 1286.1 122
11.40 928 4640 1288.9 122
11.50 929 4645 1290.3 123
12.00 928 4640 1288.9 122
12.10 926 4630 1286.1 122
12.20 922 4610 1280.6 122
12.30 918 4590 1275.0 122
12.40 911 4555 1265.3 121
12.50 902 4510 1252.8 120
13.00 890 4450 1236.1 119
13.10 877 4385 1218.1 118
13.20 860 4300 1194.4 116
13.30 844 4220 1172.2 115
13.40 818 4090 1136.1 112
13.50 790 3950 1097.2 109
14.00 759 3795 1054.2 106
14.10 724 3620 1005.6 103
14.20 690 3450 958.3 100
14.30 656 3280 911.1 96
14.40 619 3095 859.7 92
14.50 586 2930 813.9 88
15.00 548 2740 761.1 84
15.10 510 2550 708.3 80
15.20 470 2350 652.8 76
15.30 428 2140 594.4 71
15.40 384 1920 533.3 66
15.50 340 1700 472.2 62
16.00 300 1500 416.7 57
16.10 254 1270 352.8 51
16.20 215 1075 298.6 45
16.30 178 890 247.2 40
16.40 140 700 194.4 34
Al.2
16.50 105 525 145.8 28
17.00 75 375 104.2 22
17.10 45 225 62.5 16
17.20 20 100 27.8
17.30 0 0 0
Ale 3
TABLE 27. 15 Harchs useful energy and logic levels for mass flow
rate = 0.015 kg/Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deli veryTime ful energ2' ful energy for to provide the Logic level5 m2 collector equivalent heat-(KJ/m ) (KJ) ing effect (W)
6.30 0 0 0
6.40 9 45 12.5
6.50 20 100 27.8
7.00 34 170 47.2
7.10 49 245 68.1 17
7.20 66 330 91.7 21
7.30 85 425 118.1 24
7.40 110 550 152.8 29
7.50 150 750 208.3 35
8.00 201 1005 279.2 43
8.10 254 1270 352.8 51
8.20 326 1630 452.8 60
8.30 403 2015 559.7 68
8.40 458 2290 636.1 74
8.50 507 2535 704.2 80
9.00 558 2790 775.0 86
9.10 (,08 3040 844.4 91
9.20 657 3285 912.5 96
9.30 694 3470 963.9 100
9.40 736 3680 1022.2 104
9.50 773 3865 1073.6 108
10.00 804 4020 1116.7 110
10.10 830 4150 1152.8 113
10.20 857 4285 1190.3 116
10.30 884 4420 1227.8 118
10.40 902 4510 1252.8 120
10.50 918 4590 1275.0 122
11.00 931 4655 1293.1 123
Al.4
11.10 941 4705 1306.9 124
11.20 948 4740, 1316.7 124
11.30 952 4760 1322.2 125
11.40 954 4770 1325.0 125
11.50 956 4780 1327.8 125
12.00 955 4775 1326.4 125
12.10 953 4765 1323.6 125
12.20 949 4745 1318.1 125
12.30 944 4720 1311.1 124
12.40 934 4670 1297.2 123
12.50 923 4615 1281.9 122
13.00 912 4560 1266.7 121
13.10 900 4500 1250.0 120
13.20 886 4430 1230.6 119
13.30 868 4340 1205.6 117
13.40 842 4210 1169.4 114
13.50 814 4070 1130.6 111
14.00 782 3910 1086.1 108
14.10 746 3730 1036.1 105
14.20 712 3560 988.9 102
14.30 674 3370 936.1 98
14.40 634 3170 880.6 94
14.50 594 2970 825.0 89
15.00 558 2790 775.0 86
15.10 524 2620 727.8 82
15.20 480 2400 666.7 77
15.30 440 2200 611.1 73
15.40 397 1985 551.4 68
15.50 356 1780 494.4 64
16.00 309 1545 429.2 58
16.10 260 1300 361.1 52
16.20 223 1115 309.7 47
16.30 183 915 254.2 41
16.40 148 740 205.6 35
16.50 116 580 161.1 31
17.00 88 440 122.2 25
17.10 59 295 81.9 19
17.20 29 145 40.3
17.30 0 0 0
Al.5
TABLE 28. 15 MarchI useful energy and logic levels for mass flow
rate = 0.02 kg/5m2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime ful energ! fu1 energy for to provide the Logic level
(KJ/m ) 5 m2 'eo11ector equivalent heat-
(KJ) ing effect (w)
6.30 0 0 0
6.40 12 60 16.7
6.50 24 120 33.3
7.00 36 180 SO.O
7.10 SO 250 69.4 17
7.20 66 330 91.7 21
7.30 86 430 119.4 24
7.40 111 585 162.5 30
1.50 158 790 219.4 37
8.00 212 1060 294.4 45
8.10 283 1415 393.1 55
8.20 340 1700 472.2 62
8.30 409 2045 568.1 69
8.40 458 2290 636.1 74
8.50 506 2530 702.8 80
9.00 556 2780 772.2 86
9.10 608 3040 844.4 91
9.20 658 3290 913.9 96
9.30 704 3520 977.8 101
9.40 742 3710 1030.6 105
9.50 775 3875 1076.4 108
10.00 810 4050 1125.0 111
10.10 843 4215 1170.8 114
10.20 870 4350 1208.3 117
10.30 897 4485 1245.8 120
10.40 917 4585 1273.6 121
10.50 933 4665 1295.8 123
A1.6
11.00 946 4730 1313.9 124
11.10 955 4775 1326.4 125
11.20 961 48051 1334.7 125
11.30 966 4830 1341.7 126
11.40 967 4835 1343.1 126
11.50 968 4840 1344.4 126
12.00 967 4835 1343.1 126
12.10 965 4825 1340.3 126
12.20 961 4805 1334.7 125
12.30 957 4785 1329.2 125
12.40 946 4730 1313.9 124
12.50 936 4680 1300.0 123
13.00 924 4620 1283.3 122
13.10 912 4560 1266.7 121
13.20 897 4485 1245.8 120
13.30 880 4400 1222.2 118
13.40 850 4250 1180.6 115
13.50 820 4100 1138.9 112
14.00 792 3960 1100.0 109
14.10 760 3800 1055.6 106
14.20 720 3600 1000.0 103
14.30 683 3415 948.6 99
14.40 640 3200 888.9 94
14.50 606 3030 841.7 90
15.00 564 2820 783.3 86
15.10 524 2620 727.8 82
15.20 488 2440 677 .8 78
15.30 446 2230 619.4 73
15.40 408 2040 566.7 69
15.50 366 1830 508.3 64
16.00 324 1620 450.0 60
16.10 284 1420 394.4 55
16.20 236 1180 327.8 48
16.30 186 930 258.3 41
16.40 147 735 204.2 35





















TABLE29. 15 June. useful energy and logic levels for mass flov
rate = 0.01 kg/5m2
Average hourly
Average hourly Constant rate of
total of use-
total of use- energy delivery
Time ful energ! ful energy for to pro vide the Logic level5 m2 collector equivalent heat-(KJ/m ) (KJ) ing effect (W)
5.30 0 0 0
5.40 27 135 37.5
5.50 52 260 72.2 18
6.00 78 390 108.3 23
6.10 107 535 148.6 28
6.20 138 690 191.7 34
6.30 171 855 237.5 39
6.40 232 1160 322.2 48
6.50 258 1290 358.3 51
7.00 320 1600 444.4 59
7.10 398 1990 552.8 68
7.20 480 2400 666.7 77
7.30 574 2870 797.2 87
7.40 636 3180 883.3 93
7.50 700 )500 972.2 101
8.00 754 3770 1027.2 104
8.10 816 4080 1133.3 112
8.20 870 4350 1208.3 117
8.30 916 4580 1272.2 121
8.40 970 4850 1347.2 127
8.50 1024 5120 1422.2 130
9.00 1070 5350 1486.1 134
9.10 1114 5570 1547.2 138
9.20 1154 5770 1602.8 142
9.30 1189 5945 1651.4 145
9.40 1230 6150 1708.3 149
9.50 1260 6)00 1750.0 152
A1.9
10.00 1288 6440 1788.9 154
10.10 1312 6560 I 1822.2 156
10.20 1332 6660 1850.0 158
10.30 1350 6750 1875.0 160
10.40 1364 6820 1894.4 161
10.SO 1376 6880 1911.1 162
11.00 1385 6925 1923.6 163
11.10 1395 6975 1937.5 164
11.20 1400 7000 1944.4 164
11.30 1405 7025 1951.4 164
11.40 1410 7050 1958.3 165
11.SO 1413 7065 1962.5 165
12.00 1415 7075 1965.3 165
12.10 1414 7076 1963.9 165
12.20 1413 7065 1962.5 165
12.30 1411 7055 1959.7 165
12.40 1405 7025 1951.4 164
12.50 1397 6985 1940.3 164
13.00 1387 6935 1926.4 163
13.10 1372 6860 1905.6 162
13.20 1354 6770 1880.6 160
13.30 1331 6655 1848.6 158
13.40 1304 6520 1811.1 156
13.50 1278 6390 1775.0 153
14.00 1250 6250 1736.1 151
14.10 1220 6100 1694.4 148
14.20 1188 5940 16SO.0 145
14.30 1154 5770 1602.8 142
14.40 1114 5570 1547.2 138
14.50 1076 5380 1494.4 135
15.00 1038 5190 1441.7 132
15.10 1002 SOlO 1391.7 129
15.20 962 4810 1336.1 126
15.30 919 4595 1276.4 122
15.40 870 4350 1208.3 117
15.SO 820 4100 1138.9 112
A1.10
16.00 780 3900 1083.3 108
16.10 730 3650 1013.9 103
16.20 680 3400 I 944.4 98
16.30 632 3160 877.} 93
16.40 560 2800 777.8 86
16.50 490 2450 680.6 78
17.00 440 2200 611.1 73
17.10 372 1860 516.7 65
17.20 320 1600 444.4 59
17.30 277 1385 384.7 54
17.40 240 1200 333.3 49
17.SO 204 1020 283.3 44
18.00 170 850 236.1 39
18.10 144 720 200.0 35
18.20 122 610 169.4 31
18.30 102 510 141.7 28
18.40 82 410 113.9 24
18.50 64 320 88.9 20
19.00 47 235 65.3 17
19.10 32 160 44.4
19.20 16 80 22.2
19.30 0 0 0
Al.ll
TABLE 30. 15 .Ju ne s useful energy and logic levels for mass flow
rate = 0.015 kg/sm2
Average hourly Average hourly Constant rate 0f
total of use- total of use- energy deliveryTime ful energy ful energy for to provide the Logic level
(KJ 1m2) 5 m2 collector equivalent heat-(KJ) ing effect (W)
5.30 0 0 0
5.40 16 80 22.2
5.SO 45 225 62.5 16
6.00 60 300 83.3 19
6.10 90 4SO 125.0 25
6.20 130 650 180.5 32
6.30 175 875 243.1 40
6.40 236 1180 327.8 48
6.SO 292 1460 405.6 56
7.00 355 1775 493.1 63
7.19 426 2130 591.6 71
7.20 SOO 2500 694.4 79
7.30 591 2955 820.8 89
7.40 660 3300 916.6 96
7.SO 724 3620 1005.5 103
8.00 785 3925 1090.3 109
8.10 840 4200 1166.6 114
8.20 894 4470 1241.6 119
8.30 942 4710 1308.3 124
8.40 996 4980 1383.3 128
8.SO 1046 5230 1452.7 132
9.00 1094 5470 1519.4 136
9.10 1142 5710 1586.1 141
9.20 1184 5920 1644.4 144
9.30 1223 6115 1698.6 148
9.40 1270 6350 1763.8 152
9.50 1304 6520 1811.1 156
10.00 1330 6650 1847.2 158
A1.12
10.10 1350 6750 1875.0 160
10.20 1370 6850 1902.7 162
10.30 1388 6940 I 1927.8 163
10.40 1400 7000 1944.4 164
10.50 1410 7050 1958.3 165
11.00 1421 7105 1973.6 166
11.10 1429 7145 1984.7 167
11.20 1436 7180 1994.4 168
11.30 1444 7220 2005.6 168
11.40 1448 7240 2011.1 169
11.50 1453 7265 2018.1 169
12.00 1455 7275 2020.8 169
12.10 1458 7290 2025.0 170
12.20 1456 7280 2022.2 170
12.30 1451 7255 2015.3 169
12.40 1446 7230 2008.3 168
12.50 1440 7200 2000.0 168
13.00 1430 7150 1986.1 167
13.10 1414 7070 1963.8 165
13.20 1394 6970 1936.1 164
13.30 1369 6845 1901.4 161
13.40 1340 6700 1861.1 159
13.50 1314 6570 1825.0 156
14.00 1284 6420 1783.3 154
14.10 1250 6250 1736.1 151
14.20 1220 6100 1694.4 148
14.30 1186 5930 1647.2 145
14.40 1148 5740 1594.4 142
14.50 1110 5550 1541.6 138
15.00 1074 5370 1491.6 135
15.10 1032 5160 1433.3 131
15.20 990 4950 1375.0 128
15.30 945 4725 1312.5 124
15.40 900 4500 1250.0 120
15.50 852 4260 1183.3 115
16.00 SOO 4000 1111.1 110
A1.13
16.10 752 3760 1044.4 106
16.20 704 3520 I 977.7 101
16.30 650 3250 902.8 95
16.40 580 2900 805.5 88
16.50 520 2600 722.2 82
17.00 450 2250 625.0 74
17.10 392 1960 544.4 67
17.20 334 1670 463.8 61
17.30 285 1425 395.8 55
17.40 234 1170 325.0 48
17.50 200 1000 277.7 43
18.00 172 860 238.8 39
18.10 146 730 202.7 35
18.20 124 620 172.2 31
18.30 105 525 145.8 28
18.40 84 420 116.6 24
18.SO 64 320 88.8 20
19.00 46 230 63.8 16
19.10 30 150 41.6
19.20 14 70 19.4
19.30 0 0 0
A1.14
TABLE 31. 15 Junes useful energy and logic levels for mass flow
rate = 0.02 kg/Sm2
Average hou r1y Average hourly Constant rate oftotal of use- energy delivery
Time total of use- fu1 energy for to provide the Logic levelfu1 energy 5 m2 collector equivalent heat-
(KJ1m2) (KJ) ing effect (W)
5.30 0 0 0
5.40 20 100 27.7
5.50 50 250 69.4 17
6.00 80 400 111.1 23
6.10 110 550 152.7 29
6.20 140 700 194.4 34
6.30 178 890 247.2 40
6.40 220 l100 305.5 46
6.50 270 1350 375.0 53
7.00 340 1700 472.2 62
7.10 420 2100 583.3 71
7.20 SOO 2S00 694.4 79
7.30 599 2995 831.9 90
7.40 670 3350 930.5 97
7. SO 740 3700 1027.7 104
8.00 806 4030 1119.4 111
8.10 866 4330 1202.7 117
8.20 920 4600 1277.7 122
8.30 955 4775 1326.4 125
8.40 1010 5050 1402.7 129
8.50 1060 5300 1472.2 133
9.00 1106 5530 1536.1 138
9.10 1150 5750 1597.2 142
9.20 1200 6000 1666.6 146
9.30 1240 6200 1722.2 ISO
9.40 1276 6380 1772.2 153
9.50 1306 6530 1813.8 156
AI.15
10.00 1330 6650 1847.2 158
10.10 1358 6790 1886.1 160
10.20 1384 692d 1922.2 163
10.30 1407 7035 1954.2 165
10.40 1420 7100 1972.2 166
10.50 1430 7150 1986.1 167
11.00 1440 7200 2000.0 168
11.10 1450 72SO 2013.8 169
11.20 1456 7280 2022.2 170
11.30 1464 7320 2033.3 170
11.40 1468 7340 2038.8 171
11.50 1472 7360 2044.4 171
12.00 1474 7370 2047.2 171
12.10 1474 7370 2047.2 171
12.20 1473 7365 2045.8 171
12.30 1471 7355 2043.1 171
12.40 1460 7300 2027.7 170
12.50 1450 7250 2013.8 169
13.00 1436 7180 1994.4 168
13.10 1422 7110 1975.0 166
13.20 1406 7030 1952.7 164
13.30 1388 6940 1927.7 163
13.40 1370 6850 1902.7 161
13.SO 1346 6730 1869.4 159
14.00 1318 6590 1830.5 157
14.10 1284 6420 1783.3 154
14.20 1248 6420 1733.3 151
14.30 1203 6015 1670.8 146
14.40 1166 5830 1619.4 143
14.50 1124 5620 1561.1 139
15.00 1080 5400 1500.0 135
15.10 1046 5230 1452.7 132
15.20 1002 SOlO 1391.6 128
15.30 958 4790 1330.5 125
15.40 914 4570 1269.4 121
15.50 870 4350 1208.3 117
Al.16
16.00 820 4100 113S.8 112
16.10 774 3870, 1075.0 lOS
16.20 720 3600 1000.0 103
16.30 659 3295 915.3 96
16.40 570 2850 791.6 87
16.50 490 2450 6S0.5 78
17.00 430 2150 597.2 72
17.10 380 1900 527.7 66
17.20 330 1650 458.3 61
17.30 289 1420 394.4 55
17.40 242 1210 336.1 49
17.50 206 1030 286.1 44
lS.00 176 8S0 244.4 40
lS.10 ISO 750 208.3 35
lS.20 126 630 175.0 32
18.30 106 530 147.2 28
1S.40 84 420 116.6 24
18.50 66 330 91.6 21
19.00 50 250 69.4 17
19.10 34 170 47.2
19.20 IS 90 25.0
19.30 0 0 0
A1.17
TABLE 32. 15 December: useful energy and logic levels for mass
flow rate = 0.01 kg/sm2
Average hourly Average hour1y Constant rate of
total of use- total of use- energy deliveryTime ful energ! fu1 energy for to provide the Logic level
(lU/m )
5 m2 oollector equivalent heat-
(KJ) ing effect (W)
8.30 0 0 0
8.40 28 140 38.9
8.50 60 300 83.3 19
9.00 94 470 130.6 26
9.10 124 620 172.2 31
9.20 162 sio 225.0 38
9.30 197 985 273.6 43
9.40 234 1170 325.0 48
9.50 271 1355 376.4 53
10.00 306 1530 425.0 58
10.10 338 1690 469.4 62
10.20 364 1820 505.6 64
10.30 385 1925 534.7 66
10.40 400 2000 555.0 68
10.50 412 2060 572.2 70
11.00 423 2115 587.2 71
11.10 432 2160 600.0 71
11.20 438 2190 608.3 72
11.30 444 2220 616.6 73
11.40 450 2250 625.0 74
11.50 453 2265 629.1 74
12.00 455 2275 631.9 74
12.10 456 2280 633.3 74
12.20 455 2275 631.9 74
12.30 451 2255 626.4 74
12.40 444 2220 616.6 73
12.50 434 2170 602.7 72
13.00 422 2110 586.1 71
Al.18
13.10 408 2040 566.6 69
13.20 392 1960 544.4 67
I
13.30 373 1865 518.1 65
13.40 354 1770 491.7 64
13.50 332 1660 461.1 61
14.00 308 1540 427.8 58
14.10 284 1420 394.4 55
14.20 258 1290 358.3 51
14.30 229 1145 318.1 48
14.40 200 1000 277 .8 43
14.50 160 800 222.2 37
15.00 124 620 172.2 31
15.10 82 410 113.9 24
15.20 44 220 61.1
15.30 0 0 0
A1.19
TABLE 33. 15 December: useful energy and logic levels for mass
flow rate = 0.015 kg/Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime ful energ2' ful energy for to provi de the Logic level
(KJ/m )
5 m2 collector equivalent heat-
(KJ) ing effect (W)
8.30 0 0 0
8.40 38 190 52.8
8.50 70 350 97.2 21
9.00 100 SOO 138.9 27
9.10 138 650 180.6 32
9.20 170 850 236.1 39
9.30 203 1015 281.9 44
9.40 236 1180 327.8 48
9.SO 270 13SO 375.0 53
10.00 304 1520 422.2 57
10.10 338 1690 469.4 62
10.20 368 1840 511.1 64
10.30 396 1980 550.0 68
10.40 410 20SO 569.4 69
10.50 424 2120 588.9 71
11.00 435 2175 604.2 72
11.10 444 2220 616.7 73
11.20 451 2255 626.4 74
11.30 456 2280 633.3 74
11.40 461 2305 640.3 75
11.50 465 2325 645.8 75
12.00 467 2335 648.6 76
12.10 468 2340 650.0 76
12.20 467 2335 648.6 76
12.30 464 2320 644.4 75
12.40 458 2290 636.1 74
12.50 450 22SO 625.0 74
13.00 438 2190 603.3 72
Al.20
13.10 422 2110 586.1 71
13.20 404 2020 561.1 69
13.30 384 1925 I 534.7 66
13.40 364 1820 505.5 64
13.50 341 1705 473.6 62
14.00 318 1590 441.6 59
14.10 292 1460 405.5 56
14.20 264 1320 366.6 52
14.30 235 1175 326.4 48
14.40 200 1000 277 .7 43
14.50 160 800 222.2 37
15.00 120 600 166.6 31
15.10 80 400 111.1 23
15.20 40 200 55.5
15.30 0 0 0
A1.21
TABLE 34. 15 Decembers useful energy and logic levels for mass
flow rate = 0.02 kg/Sm2
Average hourly Average hourly Constant rate of
to tal of use- to tal 0f use- energy deU veryTime ful energy fu1 energy for to provide the Logic level
(KJ/m2) 5 m2 collector equivalent heat-(KJ) ing effect (W)
8.30 0 0 0
8.40 32 160 44.4
8.50 66 330 91.6 21
9.00 100 SOO 138.8 27
9.10 132 660 183.3 33
9.20 172 860 238.8 39
9.30 206 1030 286.1 44
9.40 244 1220 338.8 49
9.50 278 1390 386.1 54
10.00 312 1560 433.3 58
10.10 346 1730 480.5 63
10.20 378 1890 525.0 65
10.30 401 2005 556.9 68
10.40 418 2090 580.5 70
10.50 430 2150 597.2 72
11.00 440 2200 611.1 73
11.10 450 2250 625.0 74
11.20 456 2280 633.3 74
11.30 463 2315 643.1 75
11.40 468 2340 650.0 76
11.50 472 2360 655.5 76
12.00 473 2365 656.9 76
12.10 474 2370 658.3 76
12.20 473 2365 656.9 76
12.30 470 2350 652.7 76
12.40 462 2310 641.6 75
12.50 454 2270 630.5 74
13.00 442 2210 613.8 73
A1.22
13.10 429 2145 595.8 72
13.20 412 2060 572.2 70
I
13.30 389 1945 540.3 67
13.40 370 1850 513.8 65
13.50 344 1720 477.7 63
14.00 320 1600 444.4 60
14.10 294 1470 408.3 56
14.20 266 1330 369.4 52
14.30 239 1195 331.9 49
14.40 206 1030 286.1 44
14. SO 172 860 238.8 39
15.00 132 660 183.3 33
15.10 86 430 119.4 24
15.20 40 200 55.5
15.30 0 0 0
A1.23
TABLE 35. 15 January: useful energy and logic levels for mass
flow rate = 0.01 kg/Sm2
Average hourly Average hourly Constant rate oftotal of use- energy delivery
Time total of use- ful energy for to provt de the Logic levelful energ!
(lU/m )
5 m2 collector equivalent heat-
(KJ) ing effect (W)
7.30 0 0 0
7.40 40 200 55.5 16
7.50 86 430 119.4 24
8.00 124 620 172.2 31
8.10 160 800 222.2 37
8.20 194 970 269.4 42
8.30 227 1135 315.3 47
8.40 254 1270 352.8 51
8.50 280 1400 388.9 54
9.00 306 1530 425.0 58
9.10 333 1665 462.5 61
9.20 357 1785 495.8 63
9.30 380 1900 527.7 66
9.40 402 2010 558.3 68
9.50 423 2115 587.5 71
10.00 441 2205 612.5 73
10.10 458 2290 636.1 75
10.20 474 2370 658.3 76
10.30 486 2430 675.0 78
10.40 494 2470 686.1 79
10.50 497 2485 690.2 79
11.00 498 2490 691.6 79
11.10 498 2490 691.6 79
11.20 497 2485 690.2 79
11.30 494 2470 686.1 78
11.40 488 2440 677.7 78
11.50 482 2410 669.4 77
12.00 471 2355 654.2 75
Al.24
12.10 460 2300 638.8 75
12.20 444 2220 616.6 73
12.30 424 2120' 588.8 71
12.40 404 2020 561.1 69
12.50 380 1900 527.7 66
13.00 354 1770 491.6 63
13.10 326 1630 452.7 60
13.20 296 1480 411.1 56
13.30 260 1300 361.0 52
13.40 220 1100 305.5 46
13.50 176 880 244.4 40
14.00 132 660 183.3 33
14.10 88 440 122.2 25
14.20 44 220 61.0 16
14.30 0 0 0
A1.25
TABLE 36. 15 February: useful energy and logic levels for mass
flow rate = 0.01 kgJ Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deli veryTime fu1 ener~y fu1 energy for to pro vide the Logic level
(KJ/m )
5 m2 collector equivalent heat-
(KJ) ing effect (W)
7.30 0 0 0
7.40 20 100 27.7
7.50 40 200 55.5 16
8.00 60 300 83.3 19
8.10 82 410 1l3.9 24
8.20 106 530 147.2 28
8.30 130 650 180.5 32
8.40 160 800 222.2 37
8.50 194 970 269.4 42
9.00 232 1160 322.2 48
9.10 282 1410 391.6 54
9.20 325 1625 451.4 60
9.30 369 1845 512.5 64
9.40 400 2000 555.5 68
9.SO 430 21SO 597.2 72
10.00 464 2320 644.4 75
10.10 SOO 2500 694.4 79
10.20 530 26SO 736.1 83
10.30 561 2805 779.2 86
10.40 588 2940 816.6 89
10.SO 610 3050 847.2 91
11.00 628 3140 872.2 93
11.10 643 3215 893.1 94
11.20 653 3265 906.9 95
11.30 660 3300 916.6 96
11.40 662 3310 919.4 96
11.50 663 3315 920.8 96
12.00 662 3310 919.4 96
Al.26
12.10 659 3295 915.2 96
12.20 655 32751 909.7 96
12.30 647 3235 898.6 95
12.40 638 3190 886.1 94
12.50 628 3140 872.2 93
13.00 615 3075 854.2 91
13.10 600 3000 833.3 90
13.20 584 2920 811.1 88
13.30 559 2795 776.4 86
13.40 534 2670 741.6 83
13.50 508 2540 705.5 80
14.00 484 2420 672.2 78
14.10 460 2300 638.8 75
14.20 432 2160 600.0 71
14.30 403 2015 559.7 68
14.40 368 1840 511.1 64
14.50 334 1670 463.8 61
15.00 300 1500 416.6 56
15.10 264 1320 366.6 52
15.20 226. 1130 313.8 47
15.30 187 935 259.7 41
15.40 152 760 211.1 36
15.50 118 590 163.8 30
16.00 84 420 116.6 24
16.10 52 260 72.2 18
16.20 25 125 34.7
16.30 0 0 0
Al.27
TABLE 37. 15 April: useful energy and logic levels for masS flow
rate = 0.01 kgJSm2
Average hourly Average bourly Constant rate oftotal of use- energy delivery
Time total of use- ful energy for to provide the Logic levelful energ!
(KJ/m ) 5 m
2 collector equivalent heat-
(KJ) ing effect (W)
6.30 0 0 0
6.40 46 230 63.9 16
6.50 87 435 120.8 25
7.00 132 660 183.3 33
7.10 177 885 245.8 40
7.20 226 1130 313.8 47
7.30 268 1340 372.2 53
7.40 318 1590 441.6 59
7.50 368 1840 511.1 64
8.00 420 2100 583.3 71
8.10 466 2330 647.2 75
8.20 520 2600 722.2 82
8.30 567 2835 787.5 87
8.40 610 3050 847.2 91 .
8.50 649 3245 901.4 95
9.00 686 3430 952.8 99
9.10 720 3600 1000.0 103
9.20 754 3770 1047.2 106
9.30 783 3915 1087.5 108
9.40 813 4065 1129.2 111
9.50 840 4200 1166.6 114
10.00 864 4320 1200.0 116
10.10 887 4435 1231.9 119
10.20 907 4535 1259.7 120
10.30 924 4620 1283.3 122
10.40 940 4700 1305.5 124
10.50 954 4770 1325.0 125
11.00 968 4840 1344.0 126
A1.28
11.10 980 4900 1361.0 127
11.20 990 4950 1375.0 128
11.30 1000 5000 1388.8 128
11.40 1009 5045 1401.4 128
11.50 1016 5080 1411.1 129
12.00 1020 5100 1416.6 130
12.10 1024 5120 1422.2 130
12.20 1026 5130 1425.0 130
12.30 1027 5135 1426.4 130
12.40 1021 5105 1418.1 130
12.50 1011 5055 1404.1 129
13.00 1000 5000 1388.8 128
13.10 988 4940 1372.2 128
13.20 972 4860 1350.0 127
13.30 953 4765 1323.6 125
13.40 931 4655 1293.1 123
13.50 908 4540 1261.1 121
14.00 884 4420 1227.7 118
14.10 858 4290 1191.6 116
14.20 830 4150 1152.7 113
14.30 801 4005 1112.5 110
14.40 774 3870 1075.0 108
14.50 742 3710 1030.5 105
15.00 710 3550 986.1 102
15.10 676 3380 938.8 98
15.20 636 3180 883.3 94
15.30 594 2970 825.0 89
15.40 550 2750 763.8 85
15.50 502 2510 697.2 79
16.00 446 2230 619.4 73
16.10 408 2040 566.6 69
16.20 360 1800 500.0 64
16.30 312 1560 433.3 58
16.40 266 1330 369.4 52






















TABLE 38. 15 May: useful energy and logic levels for mass flow
rate = 0.01 kg/5m2
Average hourly Average oour1y Constant rate oftotal of use- energy delivery
Time total of use- ful energy for to provide the Logic levelfu1 ener~y 5 m2 collector equivalent heat-(KJ/m ) (KJ) ing effect (W)
5.30 0 0 0
5.40 12 60 16.6
5.50 24 120 33.3
6.00 36 180 50.0 16
6.10 48 240 66.6 17
6.20 61 305 84.7 20
6.30 74 370 102.8 22
6.40 92 460 127.7 25
6.50 118 590 163.8 30
7.00 166 830 230.5 38
7.10 246 1230 341.6 50
7.20 356 1780 494.4 63
7.30 452 2260 627.7 74
7.40 532 2660 738.8 83
7.50 590 2950 819.4 89
8.00 644 3220 894.4 94
8.10 700 3500 972.2 101
8.20 750 3750 1041.6 106
8.30 794 3970 1102.7 110
8.40 845 4225 1173.6 115
8.50 886 4430 1230.5 119
9.00 924 4620 1283.3 122
9.10 962 4810 1336.1 126
9.20 998 4990 1386.1 128
9.30 1042 5210 1447.2 132
9.40 1070 5350 1486.1 134
9.50 1100 5500 1527.7 137
10.00 1126 5630 1563.8 139
A1.31
10.10 1150 5750 1597.2 142
10.20 1174 5870 1630.5 144
10.30 1196 597S 1659.7 145
10.40 1220 6100 1694.4 148
10.50 1239 6195 1720.8 ISO
11.00 1254 6270 1741.6 151
11.10 1267 6335 1759.7 152
11.20 1278 6390 1775.0 153
11.30 1285 6425 1784.7 154
11.40 1290 6450 1791.6 154
11. SO 1293 6465 1795.8 155
12.00 1295 6475 1798.6 155
12.10 1296 6480 1800.0 155
12.20 1294 6470 1797.2 155
12.30 1291 6455 1793.1 155
12.40 1279 6395 1776.4 153
12.50 1265 6325 1756.9 152
13.00 1249 6245 1734.7 151
13.10 1230 6150 1108.3 149
13.20 1209 6045 1679.2 147
13.30 1186 5930 1647.2 145
13.40 1165 5825 1618.1 141
13.50 1142 5710 1586.1 141
14.00 1118 5590 1552.7 139
14.10 1094 5470 1519.4 137
14.20 1067 5335 1481.9 134
14.30 1036 5180 1438.8 131
14.40 1000 5000 1388.9 128
14.50 958 4790 1330.5 115
15.00 920 4600 1277.8 122
15.10 877 4385 1218.1 118
15.20 836 4180 1161.0 114
15.30 790 3950 1097.2 109
15.40 742 3710 1030.5 105
15.50 697 3485 968.1 100
Al.32
16.00 648 3240 900.0 95
16.10 605 302$ 840.3 90
16.20 558 2790 775.0 86
16.30 516 2580 716.6 81
16.40 440 2200 611.0 73
16.50 376 1880 522.0 65
17.00 315 1575 437.5 59
17.10 258 1290 358.3 51
17.20 212 1060 294.4 45
17.30 172 860 238.8 39
17.40 144 720 200.0 35
17.50 114 570 158.3 30
18.00 84 420 116.6 24
18.10 56 280 77.8 18
18.20 28 140 38.9
18.30 0 0 0
Al.33
TABLE 39. 15 Julyz useful energy and logic levels for mass flow
rate = 0.01 kg/Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime ful ener~y ful energy for to provide the Logic level5 m2 collector equivalent heat-
(KJ/m ) (KJ) ing effect (W)
5.30 0 0 0
5.40 18 90 25.0
5.SO 40 200 55.5 16
6.00 66 330 91.6 21
6.10 98 490 136.0 27
6.20 138 690 191.6 34
6.30 190 9SO 263.8 42
6.40 238 1190 330.5 49
6.SO 292 1460 405.5 56
7.00 350 1750 486.1 63
7.10 414 2070 575.0 70
7.20 478 2380 661.0 77
7.30 540 2700 750.0 84
7.40 594 2970 825.0 89
7.SO 650 32SO 902.7 95
8.00 708 3540 983.3 101
8.10 756 3780 1050.0 106
8.20 806 4030 1119.4 111
8.30 854 4280 1188.8 115
8.40 900 4500 1250.0 120
8.SO 944 4720 1311.1 124
9.00 988 4940 1372.2 128
9.10 1028 5140 1427.7 130
9.20 1066 5330 1480.5 134
9.30 1106 5530 1536.1 137
9.40 1136 5680 1577.7 140
9.50 1164 5820 1616.6 143
10.00 1188 5940 1650.0 145
Al.34
10.10 1211 6055 1681.9 147
10.20 1230 6150 1708.3 149
10.30 1244 6220, 1727.7 150
10.40 1256 6280 1744.4 151
10. SO 1264 6320 1755.5 152
11.00 1272 6360 1766.6 153
11.10 1278 6390 1175.0 153
11.20 1285 6425 1784.7 154
11.30 1290 6450 1791.6 154
11.40 1297 6485 1801.3 155
11.50 1302 6510 1808.3 155
12.00 1308 6540 1816.6 156
12.10 1311 6555 1820.8 156
12.20 1314 6570 1825.0 156
12.30 1314 6570 1825.0 156
12.40 1312 6560 1822.2 156
12.50 1304 6520 1811.1 155
13.00 1292 6460 1794.4 154
13.10 1280 6400 1777.7 153
13.20 1265 6325 1756.9 152
13.30 1247 6235 1731.9 151
13.40 1232 6160 1711.1 149
13.50 1214 6070 1686.1 147
14.00 1194 5970 1658.3 145
14.10 1170 5850 1625.0 143
14.20 1144 5720 1588.8 141
14.30 1116 5580 1550.0 139
14.40 1084 5420 1505.5 136
14.50 1046 5230 1452.7 132
15.00 1010 5050 1402.7 129
15.10 977 4885 1356.9 127
15.20 944 4720 1311.1 124
15.30 902 4510 1252.7 120
15.40 860 4300 1194.4 ll6
15.50 814 4070 ll30.5 III
16.00 770 3850 1069.4 107
A1.35
16.10 724 3620 1005.5 103
16.20 674 3370 936.1 98
16.30 616 3080' 855.5 91
16.40 550 2750 763.8 85
16.50 490 2450 680.5 78
17.00 430 2150 597.2 71
17.10 376 1880 522.2 65
17.20 330 1650 458.3 60
17.30 296 1480 411.1 56
17.40 264 1320 366.6 52
17.50 234 1170 325.0 48
18.00 208 1040 288.8 44
18.10 184 920 255.5 41
18.20 158 790 219.4 37
18.30 133 665 184.7 33
18.40 105 525 145.8 28
18.50 80 400 111.1 23
19.00 58 290 80.5 19
19.10 36 180 SO.O 16
19.20 18 90 25.0
19.30 0 0 0
A1.36
TABLE 40. 15 August: useful energy and logic levels for mass flow
2rate = 0.01 kg/Sm
Average hourly Average hourly Constant rate oftotal of use- energy delivery
Time total of use- ful energy for to provide the Logic levelful ener~y 5 m2 collector equivalent heat-(KJ/m ) OU) ing effect (W)
5.30 0 0 0
5.40 22 110 30.6
5.50 44 220 61.1 16
6.00 68 340 94.4 21
6.10 94 470 130.6 26
6.20 120 600 166.7 30
6.30 144 720 200.0 35
6.40 178 890 247.2 40
6.50 213 1065 295.8 45
7.00 255 1275 354.2 51
7.10 320 1600 444.4 59
7.20 402 2010 558.3 61
7.30 486 2430 675.0 70
7.40 545 2725 756.9 84
7.50 594 2970 825.0 89
8.00 650 3250 902.8 95
8.10 708 3540 983.3 101
8.20 768 3840 1066.7 107
8.30 815 !~075 1131.9 112
8.40 870 4350 1208.3 117
8.50 912 4560 1266.7 121
9.00 953 4765 1323.6 125
9.10 997 4905 1384.7 128
9.20 1040 5200 1444.4 131
9.30 1082 5410 1502.8 135
9.40 1104 5520 1533.3 137
9.50 1124 5620 1561.1 139
10.00 1142 5710 1586.1 141
A1.37
10.10 1158 5790 1608.3 143
10.20 1174 5870 1630.6 144
10.30 1188 594()1 16SO.0 145
10.40 1204 6020 1672.2 146
10. SO 1216 6080 1688.8 147
11.00 1227 6135 1704.2 149
11.10 1237 6185 1718.1 149
11.20 1245 6225 1729.2 ISO
11.30 1252 6260 1738.8 151
11.40 1255 6275 1743.1 151
11.SO 1257 6285 1745.8 152
12.00 1258 6290 1747.2 152
12.10 1257 6285 1745.8 151
12.20 1254 6270 1741.7 151
12.30 1249 6245 1734.7 151
12.40 1242 6210 1725.0 ISO
12. SO 1232 6160 1711.1 149
13.00 1220 6100 1694.4 148
13.10 1206 6030 1675.0 147
13.20 1189 5945 1651.3 145
13.30 1167 5835 1620.8 143
13.40 1140 5700 1583.3 141
13. SO 1112 5560 1544.4 138
14.00 1084 5420 1S05.5 136
14.10 1056 5280 1466.6 133
14.20 1030 51SO 1430.5 131
14.30 1001 S005 1390.3 129
14.40 974 4870 1352.8 127
14.50 946 4730 1313.9 124
15.00 916 4580 1272.2 121
15.10 882 4410 1225.0 118
15.20 850 42SO 1180.5 116
15.30 816 4080 1133.3 112
15.40 776 3880 1077.7 108
15.50 724 3620 1005.5 103
16.00 678 3390 941.7 98
A1.38
16.10 632 3160 877.7 93
16.20 583 2915 809.7 88
16.30 532 2660 738.8 83
16.40 480 2400 666.6 77
16.50 424 2120 588.8 71
17.00 380 1900 527.8 66
17.10 337 1685 468.1 62
17.20 290 1450 402.8 55
17.30 249 1245 345.8 50
17.40 202 1010 280.6 44
17.50 164 820 227.7 38
18.00 124 620 172.2 31
18.10 81 405 112.5 23
18.20 40 200 55.5 16
18.30 0 0 0
Al.39
TABLE 41. 15 September: useful energy and logic levels for mass
flow rate = 0.01 kg/Sm2
Average hourly Average hourly Constant rate oftotal of use- energy delivery
Time total of use- fu1 energy for to provide the Logic levelful ener~y 5 m2 collector equivalent heat-(KJ/m ) OU) ing effect (w)
5.30 0 0 0
5.40 11 55 15.2
5.SO 22 110 30.6
6.00 34 170 47.2
6.10 46 230 63.9 16
6.20 60 300 83.3 19
6.30 77 385 106.9 23
6.40 95 475 131.9 26
6.SO 122 610 169.4 31
7.00 174 870 241.6 39
7.10 234 1170 325.0 48
7.20 305 1525 423.6 58
7.30 366 1830 508.3 64
7.40 420 2100 583.3 71
7.SO 475 2375 659.7 77
8.00 532 2660 738.8 83
8.10 594 2970 825.0 89
8.20 660 3300 916.6 96
8.30 718 3590 997.2 102
8.40 774 3870 1075.0 108
8.SO 836 4180 1161.0 114
9.00 895 4475 1243.0 119
9.10 9SO 4750 1319.4 125
9.20 998 4990 1386.0 128
9.30 10SO 5250 1458.3 132
9.40 1080 S400 1500.0 135
9.50 1110 5550 1541.6 138
10.00 1135 5675 1576.3 140
A1.40
10.10 1160 5800 1611.0 143
10.20 1184 5920 1644.0 144
10.30 1210 60SO I 1680.5 147
10.40 1230 61SO 1708.3 149
10.SO 1247 6235 1731.9 151
11.00 1260 6300 1750.0 152
11.10 1272 6360 1766.0 152
11.20 1282 6410 1780.5 154
11.30 1288 6440 1788.8 154
11.40 1292 6460 1794.4 154
11.50 1293 6465 1795.8 154
12.00 1292 6460 1794.4 154
12.10 1290 64SO 1791.6 154
12.20 1286 6430 1786.1 154
12.30 1280 6400 1777.7 153
12.40 1266 6330 1758.3 152
12.50 12SO 62SO 1736.1 151
13.00 1234 6170 1713.8 149
13.10 1218 6090 1691.6 148
13.20 1200 6000 1666.6 146
13.30 1176 5880 1633.3 144
13.40 1152 5760 1600.0 142
13.50 1123 5615 1559.7 139
14.00 1096 5480 1522.2 137
14.10 1067 5335 1481.9 134
14.20 1026 5130 1425.0 130
14.30 1004 S020 1394.4 129
14.40 962 4810 1336.0 126
14.50 923 4615 1281.9 122
15.00 880 4400 1222.2 118
15.10 840 4200 1166.6 114
15.20 798 3990 1108.() 110
15.30 750 3750 1041.6 106
15.40 700 3500 972.0 101
15.50 640 3200 888.9 94
16.00 600 3000 833.3 90
A1.41
16.10 558 2790 775.0 86
16.20 505 2525 701.4 80
I
16.30 404 2020 561.0 69
16.40 360 1800 500.0 64
16.50 280 1400 388.9 54
17.00 210 1050 292.0 45
17.10 138 690 191.2 34
17.20 66 330 91.6 21
17.30 0 0 0
Al.42
TABLE 42. 15 October: useful energy and logic levels for mass
flow rate = 0.01 kg/Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime fu1 ener~y fu1 energy for to provide the Logic level
CU/m ) 5 m2 collector equivalent heat-(KJ) ing effect (W)
6.30 0 0 0
6.40 22 110 30.5
6.SO 47 235 65.3 16
7.00 74 370 102.7 22
7.10 102 510 141.6 28
7.20 130 650 180.5 32
7.30 163 815 226.4 38
7.40 204 1020 283.3 44
7.SO 246 1230 341.7 50
8.00 292 1460 405.5 55
8.10 340 1700 472.2 62
8.20 386 1930 536.1 66
8.30 429 2145 595.8 70
8.40 476 2380 661.0 77
8.SO 520 2600 722.2 81
9.00 564 2820 783.3 86
9.10 610 30SO 847.2 91
9.20 660 3300 916.6 96
9.30 700 3500 972.2 101
9.40 744 3720 1033.3 105
9.SO 788 3940 1094.4 109
10.00 824 4120 1144.4 112
10.10 858 4290 1191.7 116
10.20 886 4430 1230.5 119
10.30 916 4580 1272.2 121
10.40 936 4680 1300.0 123
10.50 960 4800 1333.3 126
11.00 982 4910 1363.8 127
A1.43
11.10 1002 5010 1391. 6 129
11.20 1020 5100 1416.6 129
11.30 1037 5185 1440.2 131
11.40 1043 5215 1448.6 132
11.50 1047 5235 1454.2 132
12.00 1049 5245 1456.9 132
12.10 1048 5240 1455.5 132
12.20 1046 5230 1452.7 132
12.30 1041 5205 1445.8 131
12.40 1028 5140 1427.7 130
12.50 1012 5060 1405.5 129
13.00 990 4950 1375.0 128
13.10 970 4850 1347.2 127
13.20 944 4720 1311.1 124
13.30 921 4605 1279.1 122
13.40 896 4480 1244.4 119
13.50 870 43SO 1208.3 117
14.00 844 4220 1172.2 115
14.10 818 4090 1136.1 112
14.20 790 39SO 1097.2 109
14.30 763 3815 1059.7 106
14.40 726 3630 1008.3 103
14.50 687 3435 954.2 99
15.00 646 3230 897.2 95
15.10 604 3020 838.8 90
15.20 5SO 27SO 763.8 85
15.30 499 2495 693.1 79
15.40 430 21SO 597.2 72
15. SO 344 1720 477 .7 63
16.00 270 1350 375.0 53
16.10 188 940 261.1 42
16.20 96 480 133.3 26
16.30 0 0 0
A1.44
TABLE 43. 15 November: useful energy and logic levels for mass
flow rate = 0.01 kg/Sm2
Average hourly Average hourly Constant rate of
total of use- total of use- energy deliveryTime fu1 ener~y ful energy for to provide the Logic level
(KJ/m )
5 m2 collector equivalent heat-
(lU) ing effect (W)
7.30 0 0 0
7.40 28 140 38.8
7.50 56 280 77.7 18
8.00 82 410 113.8 24
8.10 108 540 150.0 29
8.Z0 136 680 188.8 33
8.30 166 830 230.5 38
8.40 195 975 270.8 43
8.50 228 1140 316.6 47
9.00 267 1335 370.8 53
9.10 311 1555 431.9 58
9.20 360 1800 SOO.O 64
9.30 411 2055 570.8 70
9.40 445 2225 618.1 73
9.SO 480 2400 666.6 77
10.00 510 2550 708.3 80
10.10 536 2680 744.4 83
10.20 557 2785 773.6 85
10.30 575 2875 798.6 87
10.40 592 2960 822.2 89
10.50 606 3030 841.6 90
11.00 620 3100 861.1 92
11.10 631 3155 876.4 93
11.20 641 3205 890.3 94
11.30 650 3250 902.7 95
11.40 652 3260 905.5 95
11.50 653 3265 906.9 95
12.00 652 3260 905.5 95
A1.45
12.10 650 3250 902.7 95
12.20 646 3230 897.2 95
12.30 639 3195 887.5 94
12.40 628 3140 872.2 93
12.50 616 3080 855.5 91
13.00 601 3005 834.7 90
13.10 586 2930 813.9 88
13.20 570 2850 791.6 87
13.30 553 2765 768.1 85
13.40 534 2670 741.6 83
13.50 512 2560 711.1 81
14.00 492 2460 683.3 78
14.10 472 2360 655.5 76
14.20 448 2240 622.2 74
14.30 417 2085 579.2 70
14.40 382 1910 530.5 66
14.50 343 1715 476.4 62
15.00 300 1500 416.6 56
15.10 257 1285 356.9 51
15.20 216 1080 300.0 46
15.30 176 880 244.4 40
15.40 145 725 201.4 35
15.50 117 585 162.5 30
16.00 86 430 119.4 24
16.10 56 280 77.7 18
16.20 26 130 36.1










S'imul a to t'
Heater
Figure 64 Calibration Circuit
Figure 64 shows the details of the circuit which was
used for calibration. The basic procedure was as follows:-
The heater was checked for resistance and inductance and
it was found that the inductance was negligible, hence the
heater was purely resistive
(heater) was equal to V I or
and therefore
2 V2
I R or R.
the power to load
The logic level was set from the PET and the ~ltage
measured at each level. The power was then determined from
the heater at each level. The calibration procedure was then
repeated ten times, and the results are shown in Table 12
which gives the average and standard deviation values. This
foms the basis of the mont.hl.yprofiles calibration.
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In In ',Dtn ....... r-,































thermal capaci ty of top tank section
thermal capacity of middle tank section
thermal capaci ty of bottom tank section
thermal capacity rate of fluid transferred
to load
thermal capaci ty rate 0 f flui d passi ng
through collector
product of loss coefficient and the surface
area from top tank section
product of loss coefficient and the surface
area from middle tank section
A4.1
Uni ts
UA 5.3 product of loss coefficient and the surface
area from bo t tom tank section
ambient temperature
time
F~ collector control function
1
~. load control function
1
TLr temperature of the fluid replacing that
extracted to supply the load








avai lable for losses for tank segment i
temperature of the fluid from the collector
thermal capacity rate of fluid passing
through collector
thermal capacity rate of fluid transferred
to load
ambient temperature
thermal cap act t y fo r tank segment i
initial temperature of section 1
initial temperature of section 2















beam radiation on a horizontal
plane
di ffuse radiation on a horizontal
plane
hour angle
the day 0 f the year
decli nation
angle of incidence of beam radiation
on a tilted plane
anele of incidence of beam radiation
on a horizontal plane
latitude
total radiation on a horizontal
plane
di ffuse radiation on a til ted
plane
beam radiation on a tilted plane








mc the collector mass flow rate
T.in the inlet fluid temperature
Ta the ambient temperature
the transmittance considering only
absorption
w the distance between tube centres
a.
1
the ratio of the overall loss
coefficient to the loss coeffi-
cient from the ith cover to the
surrounding
hf .,1 the convection heat transfer
coefficient between the fluid
and the tube wall
the plate thickness
rod the reflectance of the trans-
parent rover for diffuse
radiation
Kp the plate conductivity
the collector area
c





N the number 0 f covers
the absorptance of the absorber
plate
the collector overall loss
00 efficient
Do the outside tube diameter
D.
1
the inside tube diameter
the bond conducti vi ty
the rate of useful energy gain
"V?
I the efficiency of the collector
load flow rate
Teo temperature of the fluid from
the collector
temperature of the fluid replacing
that extracted to supply the load
product of the U value and the
area avai lable for losses for tank
segment i
collector control function






T. 1 initial temperature of rode 1 at each hour °c1-
T. initial temperature of node 2 at each hour °c1
Ti+l i ni tial temperature of node 3 at each hour °c
Tl final temperature of node 1 at each hour °c
T2 final temperature of rode 2 at each hour °c
T3 final temperature of rode 3 at each hour °c
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